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1. INTRODUCTION 
1.1 EVOLUTION OF THE SEMICONDUCTOR LASER 
The evolution of the semiconductor laser may be measured from the reductions of the 
lasing threshold current that follow successive improvements in laser design. The idea 
that net stimulated emission and eventually lasing can be brought about in 
semiconductor materials stem from 1958-1961, [1-3]. Basov et al [4]suggested the use 
of a forward biased pn junction as the basis of a laser. The qualitative understanding of 
the necessary conditions for population inversion in semiconductors were presented by 
Bernard and Duraffourg [5], who suggested GaAs and GaP as candidate materials for 
lasers. Early worked demonstrated the near 1000/0 quantum efficiency from 
electroluminescence in GaAs at 77K, [6]. This was followed by observations of the 
slight reduction of the line width of the electro luminescence spectra of a GaAs pn 
junction at 77K and at current densities of 1.5xl03 Acm-3, by Nasledov et aI, [7]. 
However the lack of a resonant cavity made it unclear whether lasing had occurred. 
The demonstration of the first semiconductor laser was announced almost 
simultaneously by several groups. Hall, [8], formed a resonant cavity by polishing the 
ends of a GaAs crystal and measured coherent light emission based on the reduction in 
line width at 0.84~m and the behaviour of the far field radiation pattern. This work was 
followed by the measurement of coherent light emission from GaAsP by Holonyak and 
Bevacqua,[9], which was the first to use a III-V alloy for an injection laser. 
These first semiconductor lasers were demonstrated only three years after the 
development of the first ruby laser by Maiman [10], and two years after the 
demonstration of the first gas laser by Javan et al [11]. Stimulated emission from 
semiconductors is more intense for a given degree of inversion than virtually any other 
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lasing material. However the resulting large rate of energy generation and heat 
dissipation limited the operation of these early lasers to very low temperatures. 
The formation of a Fabry-Perot cavity by cleaving along parallel crystal planes to 
produce plane parallel facets the crystal were demonstrated by Bond et al [12]. This 
proved a considerable improvement over the previous technique of polishing the 
crystal to form facets. 
1.1.1 HOMOJUNCTION LASER 
Current injection in these early devices was usually achieved with a forward biased pn 
junction, fig(la). At zero bias the diffusion current of electrons from the n-region to the 
p-region and holes from the p-region to the n-region is exactly countered by the drift 
current due to space charge regions of ionized acceptor and donor sites. Applying a 
forward bias to the junction enhances the diffusion current across the junction. The 
distribution of electrons diffusing from the n-doped region into the p-doped decreases 
exponentially as, exp( -xlLn ), where Ln is the diffusion length of electrons, typically 1-
3 J.lm. A similar expression can be written for holes. At a given forward bias, there will 
be a non-equilibrium population of electrons and holes, distributed over an active 
region. At sufficient forward bias and at some point between the n and p regions this 
population will be great enough to generate the threshold gain needed for lasing. 
However the diffusion length of the injected carriers tends to be greater than the width 
of the active regions and the carriers can diffuse away from the active region and are 
unavailable for the process of gain. The material surrounding the active region can give 
rise to strong optical absorption as the bandgap of the material is equivalent to the lasing 
photon energy. As there is only a small variation in the refractive index across the pn 
junction and thus the optical field tends to spread into the lossy regions. The threshold 
current of these devices are very high, in excess of26x103 Acm·2 [13]. 
These high threshold current densities limit the operation of simple pn junction lasers to 
low temperatures making these devices impractical for technological applications. 
Continuous wave (CW) operation at 205K of such devices was demonstrated by 
Dyment and D'Asaro [14]. Their work resorted to heavy heat sinking of the laser and the 
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use of a narrow stripe contact along the length of the laser. This acts to channel the 
current into a narrowly defined volume of the laser thus reducing the total volume that 
needs to be pumped and hence the threshold current. Such stripe configurations still 
form an important feature of many modem laser geometries. 
1.1.2 HETEROSTRUCTURE LASERS 
The idea of the use of a heterostructure to reduce the lasing threshold current was first 
proposed by Kroemer [15], but was not fully realised in lasers until later by 
Rupprecht[16,17] and Hayashi & Panish [18,19] who measured a threshold current of 
8.6x103 Acm-2 an order of magnitude reduction compared to homojunction devices. 
Earlier work by Alferov [20,21] suffered from a poor material quality due to the lattice 
mismatch between GaAsP and GaAs inducing misfit dislocations in his devices which 
lead to large threshold currents. It is interesting to note that the lattice mismatch between 
different materials in a sufficiently thin layer has been used to great advantage as it 
incorporates strain within the active layer. This subject will be discussed later. Woodall 
et al [22] used AIGaAs/GaAs system grown by Liquid Phase Epitaxy (LPE). This 
system of materials is closely lattice matched and formed the basis of the early 
heterostructure lasers. 
The difference in bandgap between two dissimilar semiconductor materials can be used 
to create an energy discontinuity in the conduction and valence band edges, fig(l b). This 
can be used to impede the diffusion of carriers and confine them in the active region. A 
simple heterostructure laser is a three layer device consisting of a narrow bandgap 
material, forming the active region, sandwiched between two larger bandgap materials 
forming barriers to impede the flow of injected carriers. The refractive index of the 
larger bandgap material, conveniently happens to be less than that of the narrow 
bandgap material. Therefore the refractive index step between the barrier and active 
region also acts as a waveguide which confines the optical field within the active region. 
Also there is no absorption in the wide bandgap layers surrounding the active region as 
the bangap of these layers is greater than the lasing photon energy. 
1-3 
GOAS 
p n I ~ It ~ 
\ / 
GOAs GOAS 
AJ XG0 1• x AS 
E .... ··---..... 
c'" .. , \flZfff/7fli74 
:~hZl 
Ev %7###ff~,mmJl)7 
w 
iiI -l ~2~m 
~~\A;: 
~ d ~ACTIVE REGION 
w 
> I -l ~O.5ILm ~WO><~ I I r ~ nI5% 
w ~----
a:: 
I I 
111 ~\l...--~--I I 
REGION -eo;dt4-ACTIVE 
(0) (b) 
Fig(la) Shows the operation of a forward biased pn homojunction laser. Electron and 
hole injection across the bandgap gives rise to a non-equilibrium carrier population 
around the vicinity of the junction. At a sufficient forward bias there will be a point 
where the carrier density WIll be sufficient to give rise to lasing. Carriers diffusing away 
from the junction and poor optical confinement around the junction limit the operation 
of these devices to liquid nitrogen temperature. ._ 
Fig(lb) Shows the operation of a double heterojunction laser. Carriers are confined in 
an active region due to the band edge discontinuity arising from the different bandgaps 
of the constituent layers. The step-lIke change in the refractive index between the layers 
also helps to confine the optical mode withm the vicinity of the active region, so that 
more of the optical field interacts with the gain medium. 
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1.1.3 QUANTUM WELLS 
Further reduction in the threshold current has followed improvements in material quality 
through growth techniques and elaborate geometries in laser design. However a 
fundamental shift in laser design has accompanied the use of quantum wells (QW) [23-
25]. Improved growth techniques, namely Molecular Beam Epitaxy (MBE) and Metal 
Organic Vapour Pressure Epitaxy (MOVPE) have allowed the growth of high quality, 
very thin layers at atomic monolayer per minute rates. When the thickness of such a 
layer approaches that of the de Broglie wavelength of the carriers (A=h/p ~ Lz~ 1 OOnm) 
then the effects of quantum confinement become noticeable [26]. The motion of the 
carriers becomes constrained in the growth direction of the layer whereas they are free to 
move within the plane of the layer. Their motion changes from three dimensional in 
bulk material to two dimensional in Q W material. 
QW's offer the potential to lower the threshold current density and its temperature 
sensitivity, increase the differential quantum efficiency, reduce the lasing line width and 
increase the modulation bandwidth [27] of the semiconductor laser. The reduction in 
threshold current density is mainly due to the order of magnitude reduction in active 
volume rather than quantum size effects. However the step-like Density of States 
function (chapter 2) suggests that the change of gain with carrier density dG/dn is higher 
than in the bulk case. An overview ofQW's is given [28]. 
These thin layers also have the advantage that large strains, ~ 1 %, due to the lattice 
mismatch between the layer and barrier material may be supported without the 
formation of misfit dislocations. The lattice mismatch between different materials has 
limited the choice of materials in bulk heterostructure designs. A wide range of ternary 
and quaternary (chapter 5) III-V solid solution can now be used to vary the bandgap of 
the active region, producing lasers covering a wide range of operating wavelengths. 
1.1.4 STRAIN 
The effects of externally applied strain on semiconductor lasers has been demonstrated 
to reduce the threshold current density and produce polarized output during the early 
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days of lasers development [29-33]. A theoretical description was presented by Elesiev 
et al [34,35] and demonstration of the first strained layer QW laser was in 1982 [36]. 
However it was not until Yablanovitch and Kane [37] and Adams [38] that serious 
attention was focused on the subject. 
Strain allows the possibility to modify the structure of the valence band, thereby 
reducing the density of states and enhancing the TE or TM gain. An overview of strain 
is given [39]. The modification of the valence band structure has also been demonstrated 
by Adams [40] to reduce inter valence band absorption (IVBA) and Auger 
recombination which act to increase the threshold current and its temperature sensitivity 
in 1.5 and 1.3flm devices. Strain will be discussed in more detail in chapter 2 
1.1.5 LASER GEOMETRIES 
There are many different variations in laser structure based on the simple heterostructure 
design. In devices with thin active layers, such as a QW, the optical field extends over 
a much greater width than the active region. Extra layers may be added surrounding the 
QW barriers material to provide separate confmement for the optical field, in a separate 
confinement heterostructure (SCH) laser. Some of these methods are illustrated in fig(2) 
The reduction in the threshold current density can be brought about in two major ways. 
First by reducing the volume of the active region that needs to be pumped to achieve 
lasing and second by confining the optical field around to the active region. Stripe 
geometry lasers demonstrate a simple method for confining the injection current to a 
narrowly defmed active region. Such lasers are often termed gain guided lasers. Here the 
refractive index step between successive layers confines the optical field in the growth 
direction whereas the spatial extent of the optical field in the plane of the active layer is 
dictated by the distribution of the gain in the plane of the layer. The stripe may be 
formed by laying down oxide layers either side of the stripe contact. In proton or 
deuteron stripe lasers the material either side of the stripe is bombarded by proton or 
deuteron beams, destroying the crystal structure of the material and rendering it 
insulating. The injection current is then strongly channelled into the active region 
through the conducting, unperturbed layers. 
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A second method of forming a stripe is to grow a further n-doped layer on the p-type top 
contact. A stripe contact can be defmed by diffusing Zn into n-type layer in the pattern 
of the stripe contact, converting it p-type until it contacts the underlying p-type layer. 
The material surrounding the stripe will be under reverse bias when the stripe is under 
forward bias, whilst the contact will be under forward bias, thus the injected current is 
channelled through the stripe into the active region. 
In ridge waveguide lasers a p-type top contact forms a ridge that stands proud of the 
active region. The injected current is channelled into the active region through the ridge. 
The ridge also provides weak index guiding of the optical field in the plane of the layers. 
The ridge may be surrounded by material to provide strong index guiding of the optical 
field in plane of the layers. These devices are termed buried heterostructure (BH) lasers. 
Elaborate configurations of materials can again be used to form reversed biased pn 
junctions to strengthen the channelling of the current into the active regions. However 
the large number of interfaces facilitates the nucleation of defects and reduces the 
reliability of these devices. 
Other notable designs are the distributed feedback (DFB) laser and the Vertical Cavity 
Surface Emitting Laser (VCSEL). In the DFB laser a layer with a periodically varying 
refractive index is placed near the active region where it can interact with the optical 
field. This forms a photonic crystal which can favourably select modes for 
amplification. All the devices described so far have are termed edge emitters as the light 
is emitted in the plane of the layers. VCSEL's emit light in the growth direction of the 
layers. The layers are often fabricated in the forms of columns thus defming a very small 
active region. As the cavity length is very short highly reflecting (99.9%) multilayered 
Bragg stacks must be used to achieve lasing. These lasers have the advantage that they 
can be fabricated in large 2-D arrays on a single substrate. 
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Fig(2) Sho ws some different configurations of laser geometries all of which ac t to 
confine carriers within a weil defined active region. Fig(2a) Shows a simple stripe top 
contact. Current is forced to flow through the metallic stripe , whilst being impeded by 
the insulatino- material surrounding the stripe. The bulk of the laser consists of the 
substrate . T~e active layers are located just under the stripe contac t. Therefore only 
a narrow region of the active region is pumped. Fig(2b) the stripe proton or deuteron 
beams are used to destroy the crys tal structure around the stripe contact, renderi ng the 
mate rial insulating. Current is forced to flow through the remaining co nducting 
channel. Fig(2c) A further n-type top contact is grown on top of the usual p-type top 
contact. Zn may be diffused into this new layer in the pattern of the stripe contact. 
This changes the n-type material to p-type , forming a conducting channel dow n to the 
p-type sub-layer. The material surrounding the stripe is re versed biased whe n the 
channel is fo rward biased. Fig(2d) Shows a ridge waveguide laser. T he material 
surro undin g the ri dge has been e tche d away. leavin g .. a conducting ridge. Fig(2e) 
Shows a buried ~eteros tructure deVice . The ndge In tlg (~d ) IS surrounded by n-type 
doped material tormIOg re ve rse biased barners to con tIOe the carners W I th 10 the 
conducting chan ne l. 
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1.2 BACKGROUND WORK TO THIS THESIS 
The development of the semiconductor laser can chiefly be seen from the point of vie\v 
of improvements in design and growth fabrication techniques. However, aside from this, 
the performance of semiconductor lasers are fundamentally limited by the physical 
electron hole dynamics in the materials used in device. The focus of this work is to 
contribute to the understanding of the behaviour of semiconductor lasers in terms of 
these carrier processes, rather than the quest for improved device design. Carrier 
processes may initially be divided into radiative recombination processes, vvhich 
contribute to gain, and nonradiative loss process, such as Auger recombination, which 
compete with radiative recombination. Optical absorption mechanisms such as Inter 
Valance Band Absorption (IVBA) may also compete with radiative recombination 
processes. Understanding how these processes vary over a wide range of material 
systems is a worthy goal. Work of this type has been done on long wavelength 1.5!lm 
lasers [41] and on visible lasers operating at 633nm [42]. 
1.3 and 1.5!lm lasers are commercially important for telecommunication systems. These 
wavelengths occur at the minima of the attenuation spectrum for silica based fibres, 
those which form the basis of existing telecommunication networks. Two major loss 
processes, Auger recombination and IVBA (sections 2.17 & 2.18) have been shown to 
be significant in these devices. IVBA is an optical absorption process, that reduces the 
photon density generated through stimulated emission. Extra carriers have to be injected 
to make the photon generation rate exceed the absorption rate to achieve lasing. This 
leads to greater threshold carrier densities and therefore greater threshold currents. 
IVBA also effects the external differential efficiency above threshold, the ratio of the 
increase in light intensity for a given increase in injection current. IVBA arises from the 
excitation of an electron in the spin split off band (SO) band to the heavy hole (HH) in 
the HH band. The energy difference between the HH and SO bands equivalent to the 
lasing photon energy is moved to large k values with increasing fundamental bandgap. 
The probability of finding a hole in the HH band at these large k values into which to 
promote an electron from the SO band is reduced. Thus IVBA is expected to decrease 
with increasing bandgap. Strain is expected to reduce the HH mass (section 2.12) thus 
increasing the curvature of the HH band. This also has the effect of increasing the k 
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vector at which IVBA occurs. A corresponding reduction of IVBA is also expected with 
strain. The application of externally applied hydrostatic pressure increases the direct 
bandgap at a rate -lOme V /kbar. The variation of external efficiency as a function of 
hydrostatic pressure in bulk, unstrained QW and strained QW 1.5!-lm lasers has been 
measured [40]. The increase in efficiency with pressure for bulk and unstrained QW 
devices is consistent with the removal of IVBA. However the efficiency of both tensile 
and compressively strained QW devices is relatively pressure insensitive indicating that 
IVBA is insignificant in these lasers. The reduction of IVBA from unstrained to 
compressively strained 1.5/lm lasers has been independently measured by Fush et al 
[43] and loindot et al [44]. Thus tensile and compressive strain has been shown to 
reduce IVBA in 1.5/lm lasers. 
In Auger recombination, electron hole recombination occurs with the excitation of a 
third carrier to a higher energy state. As both energy and momentum conservation are 
necessary in the transition, the rate of Auger recombination is dependent on both 
bandgap and carrier effective mass. Increasing the direct bandgap and reducing the HH 
effective mass are both expected to reduce the rate of Auger recombination [38]. Being 
a three body process the Auger recombination rate is proportional to the cube of the 
injected carrier density. Therefore Auger effects are compounded by the presence of 
IVBA. 
Band to band Auger recombination has been shown to be the dominant loss mechanism 
in bulk 1.5!-lm lasers, [45], whereas phonon assisted Auger may be dominant in QW 
devices [46,47]. The reduction of threshold current with externally applied hydrostatic 
pressure in these devices has demonstrated that Auger recombination is a dominant 
process in 1.3 and 1.5!-lm lasers [41]. It is difficult to measure the total Auger rate in a 
given device however it has been estimated, [48], that Auger can account for -80% of 
the threshold current in 1.5/lm devices. Thijis et al [49] have addressed both the tensile 
and compressively strained material systems at the 1.5/lm wavelength. Their 
measurements show a decrease of a factor of five in the threshold current for a strain, 
compressive or tensile, of 1.5%. This reduction is greater than expected for the reduction 
1-10 
in the radiative current alone and is indicative of the reduction in Auger recombination 
with strain. Similar conclusions have also been drawn independently by others [50]. 
At the bandgap of the materials used for visible lasers, GaInP, Auger processes and 
IVBA are expected to be entirely quenched. However the difference in bandgap between 
the materials forming the heterostructure are decreased with increasing bandgap. Thus 
the effectiveness of the material systems used to form an effective heterobarrier to 
confine carriers within the active region are reduced. The increase in threshold current 
density with pressure has been measured [51] in 633nm devices. The effect of pressure 
(section 2.13) is to reduce the energy separation between the X and L band edges in the 
cladding regions with respect to the r band edge in the active region. The heterobarrier 
seen by injected carriers is reduced with pressure therefore facilitating their ability to 
diffuse out of the active region. The resulting leakage current (section 6.3) is a dominant 
component to the threshold current of these devices. 
Thus we see different loss mechanisms dominating the threshold current density at 
different ends of the electromagnetic spectrum. Auger and IVBA tend to decrease with 
increasing bandgap and poor carrier confinement tends to increase with increasing 
bandgap. We therefore speculate that there exist a range of wavelengths where these two 
processes are minimised and the threshold current becomes almost entirely radiative in 
nature. Such devices may be considered to be ideal. This is the basis of the work in this 
thesis. Here we aim to investigate a range of both tensile and compressively strained 
lasers operating from 749 to 980 nm, lasers intermediate between the visible and long 
wavelength regions. 
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CHAPTER 2 
2. THEORY 
2.1 LASING 
Electroluminescence Il1 a semiconductor anses from electron hole recombination 
across the direct bandgap, the difference between the conduction band (CB) and 
valence band (VB) band edges. Therefore the photon energy of the light emitted from 
a semiconductor is of the order of the bandgap energy. The intensity of the light 
emitted from the semiconductor is governed by the relative electron and hok 
populations in the CB and VB. A net excess of stimulated emission and therefore 
optical gain can be generated at a sufficiently high electron and hole concentration. ;\, 
laser is formed by enclosing the gain medium within a Fabry-Perot cavity. Light 
generated in the gain medium is able to traverse back and forth between the facets of 
the cavity. This optical feedback leads to an oscillation condition when the gain in the 
cavity is sufficient to overcome the optical losses incurred by the light traversing the 
cavity. This oscillation condition marks the onset of lasing. Therefore a threshold 
carrier density is needed to produce a threshold gain to bring about lasing. The 
resulting electron hole recombination rate gives rise to a threshold current. 
2.1.1 GAIN 
For a given electron hole density there will be a given photon generation rate due to 
spontaneous emission. There will also be a given downward transition rate due to 
stimulated emission and an upward transition rate due to absorption in response to the 
photon flux passing through the material. Each downward transition generates a 
photon of light while each upward transition absorbs a photon. If the rate of 
downward transitions exceeds the rate of upward transitions then net optical gain is 
achieved. The optical gain is defined as the fractional increase in photons per unit 
length. Gain is simply the inverse of optical absorption. By filling states in the CB 
with electrons, and states in the VB with holes, the chances of an electron in the VB 
finding a vacant state in the CB into which it can be promoted through the absorption 
of a photon are reduced. Conversely the probability of an electron tinding a vacant 
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state in the VB (hole) with which it can recombine are increased. Thus in general a 
non-equilibrium population of carriers is needed to achieve gain. 
2.1.2 LASER OSCILLATION 
Optical gain in a giyen material may be achieved when the material is pumped to a 
sufficient level of excitation such that the rate of stimulated emission exceeds the rate 
of stimulated absorption. Photons passing through the material will then be amplified 
through the net excess of stimulated emission. This, however. is not sufficient to bring 
about the onset of lasing, optical feedback is needed. Optical feedback can be added 
by placing the gain medium within a Fabry-Perot cavity. A portion of the light 
generated within the gain medium is always reflected back into the gain medium by 
the reflective facets of the cavity. The other portion of the light is transmitted through 
the facets to form the useful output beam of the laser. 
Light may traverse back and forth between the two reflecting facets of the cavity. If 
the light intensity at one facet is unattenuated after making a round trip through the 
cavity, i.e. after the gain and facet loss have been taken into account, then it can be 
continually reflected back and forth ad infinitum. This is the lasing threshold 
condition, the point where our laser starts to oscillate. 
Consider the intensity variation with length of the optical field propagating between 
the two reflective facets of the laser cavity. If the gain per unit length does not \my 
over the length of the laser the light intensity varies exponentially with distance [52]. 
F± = Fo± exp[ ±(g - a)z] 
Equation 2-1 
F is the optical flux density, ± refers to the forward and backward propagating \\~l\·es. 
g is the gain per unit length and a is the loss per unit length from processes not 
associated with the gain mechanism such as diffraction. scattering and free carrier 
absorption. At threshold the forward and backward propagating \\a\es are self 
replicating. The loss in optical intensity through rdlection at the facets can be entirel:: 
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Fig(l) illustrates the conditions under which lasing occurs in a Fabry-Perot cavity. 
Light traversing the cavity encompassing a region of net gain will undergo 
amplification until it reaches on of the facets. On reflection a fraction, R, the facet 
reflectivity, is reflected back into the gain medium, whilst the remainder is transmitted 
through the facet to fonn the laser beam. If the gain is sufficient to recoup the loss in 
intensity on reflection then the beam may cycle back and forth indefinitely. This is the 
lasing oscillation condition. 
Gain Saturation 
Threshold Gain 
Bandgap 
Photon Energy Current Density 
Transparency 
a) b) 
Fig(2a)Shows the evolution of the gain spectra and the variation of the peak gain with 
current. The low energy cut off in the gain spectra (point of zero gain) is occurs at a 
photon energy of the order of the bandgap. The upper energy cut. off occurs at 
transparency condition, where stimulated emission is balanced by absorption. The 
peak of the gain spectra can be seen to increase with current, fig(2b), and to move 
towards higher photon energies. For small values of gain the peak gain may be 
considered to increase linearly with current. In the absence of nonradiative 
recombination processes the threshold current is the current needed produce the 
threshold gain. However as the gain increases the gain/current characteristic starts to 
roll over. this is the region of gain saturation and is caused by band filling effects. A. 
laser operation in gain saturated region would therefore be expected to be sensitive to 
changes in the threshold gain. 
..., .., 
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recouped by the gain in the cavity. In order to maintain the optical distribution in 
fig(l), the intensity A at facet :2 from the forward propagating 'vVJ\'c must stem from 
the intensity Dafter retlection at facet 1. The intensity C at facet 1 must stem ti-om the 
intensity B after reflection at facet 2. We may express the intensities Band D in terms 
of the reflectivity's Rand R2 of each facet. 
D-RC - , 
Equation ::2-2 
B = R~A 
Equation ::2-3 
Thus the forward and backward propagating waves become. 
Equation 2--+ 
A = R,Cexp[Cg- a)L] 
Equation 2-5 
We may eliminate A and C in Equation 2-4 and Equation 2-5 to give. 
Equation 2-6 
Equation 2-6 is of the form. 
Threshold gain= Optical Loss+ Mirror loss 
2.1.3 EINSTEIN RELATIONS 
There are three distinct types of CB to VB transitions that take place with either the 
emission or absorption of a photon. An electron in the VB may be excited to a vacant 
state in the CB through the absorption of a photon of energy equal to the transition. 
Conversely, in spontaneous emission, an electron in the CB may recombine with a 
hole in the VB giving up its energy as a photon of light. Finally a do\\'nward transition 
may be initiated through the interaction \\'ith a photon of light that gcnerates a second 
photon of identical energy', phase and polarization. This is stimulated emission, the 
fundamental process that can generate gain in a laser. The relati\e rates at \\·hich these 
transitions occur is very much dependent on the proportion of electrons in the CB and 
holes in the VB and on the photon density. A non-equilibrium distribution of electrons 
and holes, i.e. injecting carriers into the CB and the VB respecti \·ely. \\ill favour 
optical emission processes over optical absorption. Thus we may bring about 
electro luminescence by injecting a non-equilibrium density of electrons and holes in a 
semiconductor. 
The intra-band scattering time of the order -1 ps is very much shorter than the 
interband scattering time -1 ns, [53]. The non-equilibrium carrier density in the 
conduction or VB can then be thought of being in thermal equilibrium with 
themselves. Therefore the distribution of electrons in the conduction or VB may each 
be described by their own Fermi-Dirac distributions, each with governed by a separate 
quasi-Fermi level relative to the conduction or VB edge. The probability, fl. of 
finding an electron at an energy E 1 in the VB is now. 
fl= ((EI-Fl) 1 +exp 
kT 
1 
Equation 2-7 
Where F 1 is the quasi-Fermi level, T the temperature and k is Boltzmann' s constant. 
Likewise the probability of finding an electron at energy E2 in the CB is given by. 
f2= ((E2-F2)) 
1 +exp 
kT 
Equation 2-8 
Here F2 is the quasi Fermi level for electrons in the CB. 
The intra-band transition probabilities may be understood by considering the 
transitions betw·een two levels one in the CB and one in the VB. Thus an upward 
transition from state 1 in the valence band to state 2 in the CB \\ ill absorb a photon of 
..., -
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energy E12 • Conversely a dmvmvard transition from state :2 in the CB to state 1 in the 
valence band \\ill emit a photon of energy E21 • 
The rate of absorption is proportional to the probability of finding an electron in the 
valence band. pJl. and the probability of finding a vacant state in the conduction 
band Pc(l-f2) and the photon density peE). Pc and p\ are the effective density of 
electron and hole states at states 1 and 2. These are difficult to define when onlv 
considering two energy levels. However they cancel out from the derivation. so strict 
definition is not necessary. 
Equation 2-9 
The constant of proportionality, 8 12 , is the Einstein coefficient for absorption. An 
equivalent expression can be found for the rate of stimulated emission, r(stim). This is 
proportional to the probability of finding an electron in the conduction band. p/2, and 
the probability of finding a hole in the valence band, pJ I-tl). and the photon density. 
peE). 
Equation 2-10 
The constant of proportionality, 8 21 , is the transition probability. Finally the 
probability of spontaneous emission. r(spon), is proportional to the probability of 
finding an electron in the conduction band, pJ2, and a hole in the valence band. PvC 1-
fl ). 
Equation :2-1 1 
The constant of proportionality is the spontaneous transition probability. 
:2-6 
The relationship between. Bl~ . and, B~I' can be seen by considering the transition rate 
at thermal equilibrium. The total downward transition rate must be equal to the 
upward transition rate. 
r12 = r21 (stirn) + r~1 (spon) 
Equation 2-12 
From this we may derive the photon density at thermal equilibrium considering that 
Fl=F2. 
peE ) = A21 
21 (E ) 21 BJ1 exp -- - Rl 
- kT -
This must be equal to the blackbody photon density at this energy [5'+]. 
Comparing Equation 2-13 and Equation 2-14 we see that. 
2.1.4 NECESSARY CONDITION FOR NET 
STIMULATED EMISSION 
Equation 2-13 
Equation 2-1'+ 
Equation 2-15 
This can now be derived from our previous discussion of transition rates. In order for 
there to be more stimulated emission than absorption. r2Jstim) must be greater than 
r12 • Therefore. 
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Equation 2-16 
It has been shown, Equation 2-15, that B21 is equal B 12 , Therefore \\e may e'\press the 
above inequality purely in terms of population probabilities. Substituting 
Equation 2-7 and Equation 2-8 for fl and f2 yields. 
( F2 - FI) (£2 -£1) exp > exp kT kT 
Equation 2-17 
From this it is evident that the quasi-Fermi level splitting, F2-FL has to be greater 
than the photon emission energy, E2-E L for the downward transition rate to exceed 
the upward absorption rate. This is the Bernard Duraffourg condition [5]. When the 
quasi-Fermi level splitting is equal the photon emission energy the material 
effectively becomes transparent, a photon entering the material will stand as much 
probability of absorption as regeneration. The carrier density at transparency is called 
the transparency carrier density. 
2.1.5 IDEAL LASERS 
It is useful to introduce the concept of an ideal laser in order to see the benefits of 
introducing quantum confinement and strain into the laser structure. As discussed in 
the Chapter I the reduction of the threshold current has driven much of the research in 
semiconductor lasers. Ideal lasing characteristics are approached as the threshold 
current is minimised and this is achieved by reducing the relative proportions of 
nonradiative and optical loss processes. In the absence of all other loss processes the 
transparency current density, the current required to maintain the transparency carrier 
density, represents the fundamental limit for the lowest threshold current attainable in 
a laser. The threshold current may be expressed in terms of its components parts. 
Threshold current=Transparcncy current+Current due to loss processes 
The current due to loss processes includes the current needed to pro\"ide the extr:! gain 
above transparency to overcome the mirror losses in the laser. 
2.1.6 GAIN SPECTRA AND THRESHOLD CURRENT 
The Bernard DuratTourg condition tells us that the quasi-Fern1i le\"el splitting has to 
be greater than the transition energy for there to be net positive gain. When a 
semiconductor is pumped into a non-equilibrium state, carriers \vith energy in excess 
of the quasi-Fermi level will not satisfy this condition. Fig(2a) sho\vs the typical form 
of the gain spectra for a laser pumped into a non-equilibrium state. The gain is \ery 
much dependent on the transition energy between successi\"e states making up the 
conduction and VB, a quasi-continuous series of two level states. The gain becomes 
negative (absorption) at energies greater than the quasi-Fermi \e\"el splitting. Here the 
population of carriers is insutlicient to satisfy the conditions for net positi\"e gain. At 
low energy, equal to the bandgap the gain becomes zero because there are no states in 
the forbidden bandgap. 
As the laser is pumped harder the peak gam will eventually satisfy the lasing 
condition. In the absence of nonradiative processes the current density needed to 
maintain the carrier density to generate this threshold gain is the threshold current 
density. It therefore useful to know the relationship between peak gain and injection 
current. The total current going into radiative processes is proportional to the total 
spontaneous emission rate, Equation 2-25. Fig(2b) shows the typical form of the 
variation of peak gain with current. At low gain values the gain can be approximated 
to vary linearly with current. This can be expressed as [55]. 
Equation :2-18 
Where, ~. is the linear gain coefficient and .To. is the current at zero gain. This can be 
equated \vith the threshold gain condition in Equation 2-6 to gi\"e an expression for 
the threshold current density [56]. 
Jo 1 ( 1 (1)) J =-+-- a +-In -
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Equation 2-19 
Where, 11, is the quantum et1iciency taking account of the number of carriers going 
into radiative transitions, and r is the optical confinement factor of the propagating 
mode, the fraction of the optical field that coincides with the gain medi urn. 
2.1.7 GAIN SATURATION 
The gain/current relation does not remain linear indefinitely. As the quasi-Fermi 
levels move into the bands with increasing pumping the occupation probability. given 
by the Fermi-Dirac functions Equation 2-7 and Equation 2-8, of carriers at the band 
edge rapidly approaches 1. Thus the increase in gain at a particular photon energy for 
a given increase in injected carrier density is steadily reduced. The gain/current 
characteristic roll over and the gain becomes saturated. Large optical losses can push a 
laser into a region of gain saturation and thereby increase its threshold current. 
2.2 ENERGY BANDS IN SEMICONDUCTORS 
In general there will be a continuous variation of the electron or hole energy with 
wavevector, k, in the CB or VB. The derivation of this E vs. k relationship is complex 
but is often approximated to be parabolic [57]. 
Equation 2-20 
Where the subscript c or v refers to the electron CB or hole VB dispersion 
respectively and. h, is the reduced Planck's constant. The mass. m. is the effective 
mass of the carrier. 
Fig(3), shows a typical E vs. k diagram for a bulk. unstrained III-\' semiconductor. At 
k=O a minimum in the CB and a maximum in the VB can be seen. This is known as 
the r point. At large k \'alues and depending on the crystallographic direction. t\\O 
extra satellite minima, X( 100) and L( 111) are seen in the CB, The difference in 
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Fig(3) Shows a representation of the band structure of a typical semiconductor. Here 
the energy of the allowed electron and hole states is plotted against their wavevector, 
a measure of the particles momentum, in a particular crystallographic direction. 
Several important features are observed. In the conduction band dispersion three 
distinct energy minima at r, L, and X, are observed for different k -values. The 
valence band dispersion consists of three distinct bands, the heavy hole (HH), light 
hole (LH) and spin split off (SO) bands. The bandgap of a semiconductor is equal to 
the energy difference between the VB maxima and each of the CB minima. If the r 
minima is lowest in energy then the bandgap is direct. Alternatively the bandgap is 
indirect if the L or X minima are lowest conduction band minima. Direct or indirect 
minima play an important role in optical transitions. 
LAYER 1 LAYER 2 LAYER 3 
1 Eg(l) Eg(2) 
GROWTH DIRECTION ------------i.~ 
Fig( 4) Shows the effects of quantum confmement on the electron wave functi~ns. 
Modern growth techniques allow the fabrication of thin layers of material -100A, a 
thickness of the order of the de Broglie wavelength of the electron. The difference in 
bandgaps between different semiconductor compounds presents a energy discontinuity 
in the conduction and valance band edges that can form a potential well. Carriers 
residing in the well experience the effects of quantum confinement and the movement 
in the growth direction is constrained. The allowed electron energy bands become 
quantised in the growth direction whilst remaining continuous for each quantised level 
in the plane of the layer. 
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energy between the lowest CB mlI11mUm and the VB maxImum IS equal to the 
fundamental bandgap of the semiconductor. If the fundamental bandgap stems from 
either the X or L satellite minima then the semiconductor is an indirect bangap 
semiconductor, such as Si, GaP or AlAs. Otherwise, if the fundamental bandgap 
occurs between the r points of the CB and VB then the semiconductor has a direct 
bandgap, such as GaAs or InAs. 
Optical transitions do not occur between the satellite L or X minima and the VB 
maximum because both energy and momentum (:=k-vector) conservation must be 
considered in the transition. The momentum given to the photon in an optical 
transition is small in comparison to the difference in momentum between the electron 
in the satellite minimum and hole in the VB maximum. Therefore indirect bandgap 
semiconductors make poor electroluminescent devices. 
2.2.1 QUANTUM CONFINEMENT 
Modem growth techniques such as MOVPE and MBE have allowed the grow1h of 
high quality layers of material <O.ll1m thick. If a narrow bandgap material is 
sandwiched between a material with a larger bandgap then a step-like discontinuity in 
the conduction and VB edges can be seen and a potential well is formed, fig( 4). If the 
thickness of the layer material is of the order of the de Broglie wavelength of the 
electron or hole, then the momentum of the carriers in the z-direction take on discrete 
quanti sed values and a quantum well is formed. The carriers are constrained in the z-
direction whilst being free to move in the plane of the potential well. The carrier 
motion becomes "two dimensional" in nature. 
In the limiting case of an infinitely deep QW, the wave function of the carrier cannot 
penetrate the barrier. A node of the wavefuntion in the well must coincide exactly 
with the barrier well interface. The wavelength in the z-direction is equal to 2Lj n . 
where n is an integer and Lz is the width of the well. The energies of the confined 
states relative to the bottom of the well (E=O) are then given by [58]. 
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Equation ~-~ 1 
where m is the etlecti\'e mass of the confined carrier and h is Planck's constant. 
As the well width is increased towards infinity the enerav difference bet\\een the b. 
confined states becomes smaller and approaches a continuum of states as in a bulk 
three dimensional carrier distribution. 
2.2.2 DENSITY OF STATES (DOS) 
The energy bands of a semiconductor are formed from quasi-continuous a!lo\\ed 
energy states separated by energy gaps corresponding to regions of forbidden energy 
states. The density of allowed states, in a given band per unit volume. is of interest 
from the point of view of band filling by injected carriers. The larger the density of 
states in a given band the greater the carrier density can be in a given energy range. 
Thus a greater carrier density will be needed to reach a condition of population 
inversion and generally the greater the threshold current of the laser. It is also 
advantageous to lower the DOS away from the lasing transition. This can be achieved 
with the quantised energy states of a QW. 
The distribution of electronic states can readily be seen to depend on the dimensions 
of the crystal, fig(5). In a bulk three dimensional sample. all the available k states. less 
than some value k, are bounded by a sphere or radius k. If one of the crystallographic 
dimensions is reduced to the order of the de Broglie wavelength of the electron in the 
crystal, ~O.ll1m, then the distribution of electronic states becomes t\\'o dimensionaL as 
in a quantum well. The available k states. less than some value k. now lie in a circular 
plane of radius k. The reduction of a second dimension to less than. O.ll1m. wi II result 
in a linear one dimensional distribution of states or a quantum \\ire. If all three 
dimensions are reduced then the distribution of electronic states will take on the form 
of a classic "particle in a box" type problem. or a quantum dot. 
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The DOS can be shown to vary as the square root of carriers energy' In a three 
dimensional system [59]. 
E . I II quatIOn _- __ 
Where V is the volume of the semiconductor. In a two dimensional system such as a 
QW the DOS can be shown to be independent of energy [59]. 
( £) _ Am p - 21[11 2 
Equation :2-2.3 
Where m is carrier effective mass, h is Planck's constant and A is the area covered by 
the QW well. 
The DOS in a two dimensional system forces a peak in the carrier density at the band 
edge, whereas the peak in the carrier density occurs away from the band edge in a 
three dimensional bulk sample. 
2.2.3 DENSITY OF STATES, TRANSPARENCY AND 
QW'S 
The density of states and quantum confinement has a profound effect in governing 
the magnitude of the transparency carrier density. Fig(6) shows the transparency 
carrier distributions in the CB and VB for three different situations: a) the bulk 
material with equal conduction and valence band densities of states b) QW material 
with equal conduction and valence band density of states and c) QW material with 
asymmetric conduction and valence band density of states, the situation encountered 
in most semiconductor compounds. In cases a) and b) we see that the quasi-Fermi 
levels coincide with the band edge at transparency in accordance \\'ith the Bernard-
Durrafourg condition. The carrier population in a given band is governed by the 
position of the quasi-Fermi level relative to the band edge. Equation 2-7 and Equation 
2-8. For a ~iven effecti\'c mass and assuming a charge neutrality condition the 
.... 
transparency carrier densities are roughly similar in the bulk and Q\\" cases. 
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Fig(5) Illustrates the density of states as a function of energy for a bulk 3-dimensionaI 
system and a quantum confined 2-dimensional system. The effect of reducing one of 
the dimensions to the order of the de Broglie wavelength is to constrain the motion of 
the carriers within the plane of the layer. This leads to the change from a continuous to 
a step-like DOS as shown. The 2-dimensional DOS is independent of energy for a 
gi ven confined state 
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Fig(6) Shows the effect of the DOS on the transparency condition in a semiconductor 
laser. Three different cases are considered, a)bulk material, b) a QW and c) a QW with 
asymmetric DOS. At transparency the quasi-Fermi level splitting is equal to the 
bandgap and can be seen to coincide with the band edges in case a) and b). However 
in case c) the asymmetry in the valence band density of states pushes the quasi-Fenni 
levels towards the band with the smaller DOS. Assuming the effective masses are 
similar in cases a) and b) then the injected carrier densities are roughly equal. However 
the order of magnitude decrease in the volume of the QW leads to an order of 
magnitude reduction in the transparency current needed to maintain the injected 
population. Assuming the conduction band DOS to be the same in ail cases then the 
transparency carrier density is greatest in case c). The transparency carrier density and 
hence the threshold current may therefore be minimised by moving to a system with 
symmetrical DOS. 
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-Iowever the order of magnitude decease in volume from bulk to Q\V means that the 
:urrent density needed to maintain a given carrier population is expected to be an 
)rder of magnitude less in the QW [60]. 
-he fig(6c) \ve see that the asymmetry in the DOS shifts the quasi-Fermi le\'els 
awards the band with the smaller density of states, given charge neutrality in the Q\\', 
tigher energy states will be filled in the band with lower DOS than in the band with 
igher DOS. Assuming that the conduction band DOS are the same in examples b) 
nd c) then the CB catTier density at transparency is greater in case c) than case b). as 
1e quasi -Fermi level is pushed deeper into the band. The overall transparency carrier 
ensity must be greater in case c) than b) as we have charge neutrality. 
1 summary the transparency carrier density is expected to be reduced by an order of 
lagnitude by changing from a bulk to a QW regime. This is because of the order of 
lagnitude reduction in active volume between the bulk and a QW. Furthermore the 
ansparency current density can be minimised by having a symmetrical DOS in the 
B and VB. This situation may be approached through the application of compressive 
rain in a QW . 
. 2.4 STRAIN 
he properties of a semiconductor laser are in many ways governed by the VB 
ructure. Strain incorporated in a thin layer grown on a substrate, such as a QW, 
ovides a convenient method of engineering the VB structure hence improving the 
sing characteristics of a device. The lattice mismatch between a grown layer and 
bstrate will result in that layer adopting the lattice constant of the substrate. 
lerefore it \vill undergo biaxial distortion in the plane of the layer and, through 
,isson's ratio, the opposite uniaxial distortion in the growth direction of the layer. In 
hick enough layer the strain energy will be sufficient to nucleate misfit dislocations 
d the strain will tend to relax. These mistit dislocations act as nonradiati\'e 
:ombination centres which \\'ill increase the threshold current of the laser [61]. 
)\\'ever in a thin enough l;}yer the energy stored in the strained lattice is insufficient 
nucleate a misfit dislocation and the strain cannot relax, There is a critical strain 
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thickness product under which the layer may remam stable. The strain thickness 
product may be calculated from the method of Matthew's and Blakeslee [62J or 
People and Bean [63J. by considering a balance between strain energy and minimum 
energy to induce misfit dislocations. A typical rule of thumb for the strain thickness 
product is of the order of ISO-20oA % [64]. A further discussion of the critical 
thickness in InGaAsl AlGaAs and GaAsPI AIGaAs layers is given in chapter 5. Typical 
strained layers used in lasers tend to be of the same thickness as a QW. 
Strain acts to break the symmetry of the cubic zinc blend lattice at the r point. The 
HH and LH valence band and the conduction band E vs. k dispersions result from the 
interaction of the electron s-like and hole p-like wave functions with the periodic 
potential of the crystallographic planes in the crystal. In an unstrained sample the 
periodicity of the crystallographic planes is the same in the growth direction as in the 
plane of the layer i.e. the crystal is approximately isotropic. Therefore the VB is 
degenerate at the r point. fig(7b). Strain makes the crystal anisotropic and lifts the 
degeneracy of the VB. 
If the natural lattice constant of the layer is larger than that of the substrate then the 
layer is forced to adopt the smaller lattice constant of the substrate. The layer 
undergoes biaxial compression in the plane of the layer and uniaxial extension 
perpendicular to the plane of the layer. The layer is said to be in a state of compressive 
strain. Conversely if the natural lattice constant of the layer is smaller than that of the 
substrate then the layer is forced to adopt the greater lattice constant of the substrate. 
The layer undergoes biaxial extension in the plane of the layer and uniaxial 
compression perpendicular to the layer. The layer is said to be in a state of tensile 
strain. 
2.2.4.1 COMPRESSIVE STRAIN (001) 
The anisotropy of the crystal is reflected in the VB. In the compressi\'e regime the 
highest energy VB becomes LH-like in the plane of the layer (x.y-direction) and HH-
like in the growth direction (z-direction). The lowest energy valence band becomes 
HH-like in the plane of the layer and LH like in the gro\\th direction. fig(7a). In a Q\\ 
the confined energy is governed by the Illass in the gro\\th direction \\'hilst the DOS is 
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governed by the effective mass in the plane of the layer. The degeneracy of the 
valence band is naturally split in a unstrained QW due to the difference in \'B 
effective masses. The HH band is more deeply confined than the LH band. 
Compressive strain will act to exacerbate this splitting by increasing the energy of the 
HH(z) band with respect to the LH(z) band. Moreover the HH(z) deepest conti ned 
state is LH-like in the plane of the layer. Thus the DOS of the valence band can be 
reduced. Thus we may approach our ideal limit of matching the DOS of the CB and 
VB . ') ') " d d h , sectIon -._.J, an so re uce t e transparency carrier densit\ with increasing 
compressive strain. 
2.2.4.2 TENSILE STRAIN (001) 
In a tensile-strained layer the highest energy VB becomes HH-like in the plane of the 
layer and LH-like perpendicular to the layer. Conversely the lower energy VB is L H-
like in the plane of the layer and HH-like in the growth direction, fig(7c). In a QW 
this has the effect of increasing the LH(z) confined state with respect to the HH(z) 
confined state. Initially the HH(z) band will still be more deeply confined than the 
LH(z) band due to it heavier effective mass. Eventually the strain induced shift in the 
HH(z) and LH(z) valence bands will be sufficient re-establish degeneracy and the 
HH(z) and LH(z) bands will crossover. Further tensile strain will make the LH(z) state 
more deeply confined than the HH(z) state making the fundamental transition change 
from Ec I-HH(z) 1 to Ec l-LH(z) 1. The in-plane e±Tective mass of the deepest confined 
state becomes HH-like. Therefore the DOS is nO\\I governed by the HH in-plane 
effective mass so there will be more asymmetry between the DOS of the CB and VB 
than is seen with compressive strain. However the DOS is still smaller than expected 
with degenerate a VB at the HH(z)/LH(z) crossover. 
2.2.4.3 TE AND TM GAIN 
Strain also has a noticeable effect on improving the gain of the laser. This can be seen 
by considering the spatial components of the \'alence band wa\'e functions at the band 
edge. The VB Bloch functi<?ns may be expressed in terms of three basis function each 
having the same symmetry as p-orbitals. These can be \\Titten in terms of linear 
combinations x, y and z components. In the case of a layer grown on an 001 orientated 
=:-lX 
substrate the xy-direction is in the plane of the layer whilst the z-direction corresponds 
to the growth direction. These basis functions are given below [39]. 
- 1 (- - ) Villi = J2 ex - iC, 
VI H = ~ (U + i u' - 2 C ) 
, -v 6'\ .1' = 
Equation 2-24 
In fig(7d) the TE and TM polarizations are related to the X.y and z-axis for a broad 
area laser grown on an 001 orientated substrate. The polarization of a photon emitted 
through electron hole recombination, may be related directly to the spatial 
components of the VB Bloch functions, described above Equation 2-24. 
In the case of an unstrained bulk laser or the tensile-strained QW laser at the 
HH(z)/LH(z) crossover, the degeneracy of the HH and LH bands at the zone centre 
means that the VB maximum has equal contributions from x.y and z -like states. A 
radiative transition has equal probability of originating from an x, y or z-like orbital. 
Thus the measured radiation will be randomly polarised. For any given laser cavity 
one polarization is useless. This also means that only a third of injected carriers will 
contribute to any given polarization. 
The application of compressive strain shifts the HH(z) confined state up in energy 
relative to the LH(z). The fundamental transition is now E I-HH(z) 1. From Equation 
2-24, the HH band has no z-like character but equal x and y-like character. Half of all 
injected carriers contribute to the TE polarization, light polarized in the y-direction 
whilst the other half produce photons polarized in either the x-direction or the z-
direction which do not contribute to lasing, tig(7d). TE gain is enhanced with respect 
to the unstrained case. Conversely the application of tensile strain shifts the LH(z) 
quantum confined state up in energy relatin; to the HH(z). The fundamental transition 
is nov\! Ec l-LH(z) 1. Fro,m Equation 2-24 the LH state has ~ } z-I ike character for 
small strains, thus 2/3 of recombination e\'ents produce TNt polarized photons. those 
polarized in the z-direction. There is also a coupling bet\\een the LH and spin split off 
states under biaxial strain. This can be shown to enhance the z-like character :;till 
~-Il) 
a) COMPRESSIVE b) UNSTRAINED c) TENSILE 
k(ll) k(J..) k<l/) k(J..) k(J.) 
HH 
HH HH 
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d) Emission 
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Fig(7) Shows the effect of biaxial strain on the band structure of a semiconductor 
grown on an 001 orientated substrate. The shifts in the HH and LH band edges depend 
on the crystallographic direction .. The asymmetry in the valence band dispersion acts 
to lightens the effective mass in the plane of a QW, reducing the valence band DOS, 
making it more symmetrical with the conduction band DOS. This effect is stronger in 
the compressive regime than the tensile. However the enhancement of the TM gain in 
the tensile regime is stronger than the enhancement of the TE gain in the compressive. 
In general strain acts to reduce the radiative current needed for threshold .. 
10 meVlkbar 
4.8 meVlkbar 
2meVlkbar 
Fig(8) Shows the effect of externally applied hydrostatic pressure on the band 
structure of a typical semiconductor. The direct bandgap increases with pressure at a 
rate of around lOme V Ikbar whilst the X and L band gaps decrease at 2me V Ikbar and 
increase at -+ me V Ikbar respectively. This modification in bandstructure with pressure 
provides a convenient method of simulating compositionally different semiconductor 
compounds. 
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further with increasing tensile strain [39]. The T\!1 gain is enhanced in Ll\"Our of TE 
gain. This is the advantage of tensile strain. Although the reduction in the valence 
band DOS is not as marked as in the compressive regime the enhancement of the T\1 
has a greater effect in reducing the transparency carrier density than compressi\e 
strain. 
2.2.5 HYDROSTATIC PRESSURE 
Externally applied hydrostatic pressure causes a symmetrical three dimensional 
reduction in the lattice constant of the crystal. This three dimensional distortion 
increases the mixing between bonding p-like and antibonding s-like orbitals that are 
associated with the VB and CB states, respectively. Hence the energy of these states 
increases, the antibonding states increasing in energy faster than bonding states. This 
has the net effect of increasing the direct bandgap of the semiconductor. typically at a 
rate (pressure coefficient) of around lOmeV/kbar [65]. The L and X satellite CB 
minima can also be induced to change. The L bandgap is seen to increase at -+-5 
meV/kbar [65] whilst the X bandgap is seen to reduce at 2meV/kbar [65]. This is 
illustrated in fig(8). Thus the use of externally applied hydrostatic pressure is a 
convenient method for simulating compositionally different semiconductors by 
varying the bandgap of the material. 
2.3 RECOMBINATION PROCESSES 
Band to band recombination processes will govern the magnitude of the current 
flowing into the laser. These can be divided into radiative and nonradiative processes, 
those that give light and those that do not. 
2.3.1 RADIATIVE RECOMBINATION 
The useful current flowing into a laser can be considered as the total CUlTent that 
contributes to radiative recombination processes. This is often expressed as the total 
current going into spontaneous emission. The total spontaneous emission rate per unit 
volume is equal to the integral of the spontaneous emission rate per unit energy over 
all transition energies. Thus the radiati\"t~ current density is \\Titten as [66]. 
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Equation 2-:25 
Where q is the fundamental electronic charge, d is the thickness of the acti\'e rc:gion 
and Rspoll(E) is the spontaneous emission rate per unit volume per unit energy. Under 
conditions of charge neutrality and in the Boltzman regime the radiative current may 
be written as [66]. 
.f I = qVBn2 
nit 
Equation 2-26 
Where B is the radiative recombination coefficient. V the active volume and n is the 
carrier density, This reflects the two body nature of the radiati\'e recombination 
process, 
2.3.2 NONRADIA TIVE RECOMBINATION LOSS 
MECHANISMS 
Injected electron hole pairs may recombine nonradiatively across the bandgap, that is 
without the emission of a photon. Such recombination events do not contribute to the 
emission spectrum that is amplified to lasing. The total rate of nonradiative 
recombination can be seen as a current in parallel to the useful radiative current. 
Nonradiative recombination across the bandgap contributes to the self heating of a 
semiconductor device as the bandgap energy is dissipated in the form of phonons or a 
highly energized third carrier as in an Auger event, which is followed by phonon 
emission. Nonradiative processes may also be highly temperature sensitive thus 
causing the threshold current to be temperature sensiti\'e. Two major nonradiati\e 
recombination mechanisms are typically seen in semiconductor lasers .~uger 
recombination [67] and Shockelv Read [68] Hall [69] or monomolecular 
recombination. 
2.3.3 SHOCKLEY, READ HALL RECOMBINATION 
Electron hole recombination may take place via localised energy state or traps that 
exist in the forbidden energy gap. Because the transition probability depends on the 
energy difference between conduction and VB these intermediate states can 
substantially enhance the probability of recombination. The source of these trap states 
are numerous but are generally associated with crystallographic defects and 
contaminant atoms in the semiconductor. The energy of these states can be meJsured 
by Deep Level Transient spectroscopy (DL TS). For example AIGaAs system is \\"ell 
known to have numerous traps associated with oxygen reacting with the aluminum in 
the material. Such traps have been measured by [70] and their etTect on increasing the 
threshold current on AIGaAs based laser demonstrated by [71]. 
The probability of recombination through traps can be seen through the net result 
series of capture and emission of carriers between trap states and the CB and VB. 
States near the middle of the bandgap are most likely to int1uence the recombination 
rate as the probability of an electron being re-emitted from the trap to the CB after 
capture is equal to the probability of the electron recombining with a hole by jumping 
from the trap to the VB. 
The electron or hole lifetime, Tn.p' may be expressed in terms of the average thermal 
velocity of the carriers, vtl" the electron or hole capture cross section an or a p and the 
density of traps Nt [72]. 
Equation 2-27 
Thus the total recombination rate or monomolecular recombination current IS 
propol1ional to the carrier density, n. divided by the carrier lifetime. Thus. 
qVn 
IlIr =--
r 
Equation 2-28 
Here q is the fundamental electronic charge and V is the active \olume \\-ithin \\hich 
all recombination events occur. 
2.3.4 SURFACE RECOMBINATION 
The abrupt discontinuity in the crystal structure at a surface leaves a large Ilumber of 
dangling bonds. These act in a similar manner as above and cause a large number of 
localised interbandgap energy states through which nonradiative recombinatioll can 
occur. The recombination rate may also be modelled as above. In practice the 
contributions from both Shockley Read Hall recombination and surface recombination 
can be combined in a single nonradiative lifetime. 
2.3.5 AUGER RECOMBINATION 
Electron hole recombination may occur with the energy of the transition being given 
to a third carrier rather than a photon. Because of the need to satisfy both energy and 
momentum conservation the transition probability is dependent on the shape of the 
VB structure. Many types of Auger processes can occur in semiconductor. however 
two types will be discussed here to illustrate the general behaviour of Auger 
recombination \vith bandgap. These are illustrated in fig(9). The nomenclature for 
Auger processes is as follows. C indicates the conduction band. H the heavy hole band 
and S the spin-split-off band. In the direct CHCC process the electron and HH can 
recombine to excite an electron higher into the CB. The change in momentum in 
recombination across the bandgap is reflected in the change in momentum of the 
excited electron. In the CHSH process, the energy and momentum in the 
recombination are transferred to excite an electron from the spin-split-off band to the 
HH band. 
Auger recombination is a three carrier process thus in an undoped sample the Auger 
current is proportional to the cube of the carrier density. The total Auger current can 
be approximated by [73]. 
Equation 2-:~9 
Where C(T) is the Auger coefficient which may be written in the form [73]. 
(-EaJ C(T) = Co exp kT 
Equation 2-30 
where, k, is Boltzmann's constant, T, the temperature and E'l' is the activation energy 
of the process. The activation energy can be shown to be related to energy vs. 
wavevector dispersion and ret1ects the need to conserve both energy and momentum 
in the transition. Assuming a parabolic band approximation Equation 2-20. and 
Boltzmann's statistics, the activation energies of the various Auger processes can be 
written as. 
Equation 2-31 
and 
n1 (E -.6 ) E (CHSH) = .\'() g () + E (/ (! ) g 
-n1'-/H + n1e - n1.\(} 
Equation 2-32 
Where, mc , is the CB effective mass, mHH , is the HH mass, mso ' is the spin split off 
band mass, E", is the bandgap and .60, is the spin orbit splitting. It is apparent from c 
these equations that the activation energy can be increased by increasing the bandgap. 
The shortening of the lasing wavelength to 749-980nm, the lasing wavelength of the 
devices used in this thesis, should effectively quench the Auger rate in these devices, 
especially given the exponentially activated nature of the process. However it is 
stressed that Equation 2-31 and Equation 2-32 represent a simplification of the Auger 
activation energy. The strong nonparabolic nature of the bands in a semiconductor 
make calculation of the exact Auger rate difficult. 
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Fig(9) Shows two possible band to band Auger recombin ation processes that can 
occur in semiconductor compounds. In each case an electron may recombi ne with a 
hole giving up both energy and momentum to a third carrier. Auger processes are 
therefore nonradiati ve and act to reduce the quantum effic iency of op toe lectronic 
devices. The need to conserve both energy and momentum in a transition means that 
Auger processes are sensitive to the E vS .k dispersion . Increasing the bandgap makes 
it harder to find a state into which to eject the third carrier, that will satisfy both energy 
and momentum conservation . Therefore Auger recombination is also ex pected to 
reduce with increasing bandgap . 
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Fig( 10) Illustrates the IVBA process in a semiconductor. The ene rgy difference 
between the SO band and the heavy hole HH band increases with the wavevec tor k, 
due to the lighter effec ti ve mass of the SO band. Therefo re the possibility exists of 
exc iting an elec tron wi th a photon emi tted at the lasing wavelength from the SO to [he 
HH band at some wavevector, k. IVBA represents a optical loss process that can 
curtail the perfo rmance of semiconductor lasers. However the probability of finding a 
hole in the HH decreases as the wavevector increases. Matching the effective masses 
of the HH and SO bands mean s that IVB A can only occur or carri er at large l 
values, thereby red uc in g the probability of abso rpti on, The effective mass can be 
reduced with strain, Thi s has pro ved an effective way of reducing the effects of IVBA. 
in long wave length lase rs. 
2.3.6 INTERV ALENCE BAND ABSORPTION 
Photons may be absorbed by promoting an electron in the spin split off band in to the 
HH band. This occurs at a k-value such that the energy difference between the SO and 
HH bands is equal to the lasing photon energy. This is illustrated in tig( 1 Oa). The 
result is that more carriers have to be injected to make the photon generation rate 
exceed the absorption rate to achieve lasing .. The energy difference between the HH 
and SO bands equivalent to the lasing photon energy is moved to large k \'alues \\ith 
increasing fundamental bandgap. The probability of finding a hole in the HH band at 
these large k values in which to promote an electron from the SO band is reduced. 
For parabolic bands the energy at which IVBA occur, E'VBA' can be written as. 
m (£ - L1 ) E == so g (I 
II 'IJA ( ) 
n1HH - m,o 
Equation 2-33 
Thus IVBA is expected to decrease with increasing bandgap or decreasing HH mass. 
IVBA would be impossible when the HH mass equals the spin split off mass. Strain is 
expected to reduce the HH mass thus increasing the curvature of the HH band. This 
has the effect of increasing the k vector at which IVBA occurs, tig( 1 Ob). A 
corresponding reduction of IVBA is also expected with strain. The variation of 
external efficiency as a function of hydrostatic pressure in bulk, unstrained QW and 
strained QW 1.511m lasers has been measured [40]. The increase in efficiency with 
pressure for bulk and unstrained QW devices is consistent with the removal of IVBA. 
However the efficiency of both tensile and compressively strained QW devices is 
relatively pressure insensitive indicating that IVBA is insignificant in these lasers. 
The reduction of IVBA from unstrained to compressively strained 1.5/1m lasers has 
been independently measured by Fush et al [43] and Joindot et al [4--1-]. Thus tensile 
and compressive strain has been shown to reduce IVBA in 1.5/1m lasers. 
2.3.7 TOTAL RECOMBINATION CURRENT 
The total current tlo\\'ing in the semiconductor laser may be expressed in tams of the 
sum of the various recombination currents that occur in a particular de\'ice. Expecting 
no more than a three body process the total injection current can be modelled as a 
cubic equation of carrier density [74]. 
Equation 2-3-+ 
From our previous discussions of recombination mechanisms we may associate each 
power term with a given recombination process. Thus An, Equation 2-28, IS the 
contribution from Shockley Read Hall type processes, Bn2, Equation 2-26, IS the 
contribution from radiative processes and en3, Equation 2-29 comes from Auger 
recombination. IVBA, though not a recombination process, will act to increase the 
overall carrier density required for lasing and therefore the total recombination 
current. 
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CHAPTER 3 
3. HETEROJUNCTIONS AND DEVICE MODELLING 
3.1 INTRODUCTION 
The mechanics of the operation of semiconductor lasers may be understood from the 
point of view of the recombination dynamics of the electron and hole populations 
injected into the active regions of the laser. This was the view point presented in the 
previous chapter. However a knowledge of the carrier injection dynamics in a 
heterojunction device may also contribute to the understanding of the operation of the 
semiconductor laser. This subject is discussed in this chapter. The operation of a multi-
layered heterojunction device, comprising of barrier, cladding and quantum wdl 
regions, may be understood from the operation of the fundamental heterojunctions that 
occur at the interface between each layer in the device. Therefore the operation of a 
simple two step pn heterojunction is initially discussed. 
As a voltage is applied to forward bias the junction the exact balance between the drift 
and diffusion currents flowing across the junction is changed. A net excess of diffusion 
current is then free to t10w across the junction. These diffusion currents fom1 the source 
of the injected carrier populations in the active region of the lasers. In the pn 
heterojunction the carrier injection can be ShO'W11 to be dominated from the \vider 
bandgap side of the material. 
An evolutionary advance in the technology of the semiconductor laser was made with 
the use of a double heterostructure device, originally suggested by Kroemer et al [15]. 
Such lasers consist of a narrow bandgap layer sandwiched between two wider bandgap 
layers. The naITOW bandgap active layer is usually lightly doped compared to the wider 
bandgap, p or n cladding layers. Thus, under forward bias. carrier injection is 
dominated by carriers t10wing from the \vider bandgap material into the narro\\ er 
bandgap material. Therefore the non-equilibrium concentration of electrons and hole 
needed for lasing can build up in the nan'O\V bandgap active 10.) er. Carrier now acro:-;s 
~-1 
the active layer is impeded by the sharp discontinuity in the conduction and \aknCe 
band edges seen at the interface between the layers. arising from the difference in their 
bandgaps. This discontinuity acts to confine the injected can'ier population \\-ithin a 
well defined active region and has been instrumental in the marked reduction in the 
threshold current density in this class of lasers. 
The voltage applied across a double heterojunction device is divided by some unkno\\n 
ratio between its two composite heterojunctions. Two approaches may be adopted in 
understanding the overall injection from each junction. 
Simple assumptions about the Fermi level alignment in the cladding regions and the 
quasi-Fermi level splitting in the active region may be made. The quasi-Fcmli le\-el 
splitting can be assumed to be equal to the voltage appearing across the \\hole double 
heterostructure. This model, though simplistic allows the possibility of understanding 
the pumping of the laser and the carrier confinement by the heterobarriers (discussed 
chapter 6), through the measurement of the laser diodes current voltage characteristics. 
The detail of how to do this is elaborated on in chapter 4. Furthermore other authors [75] 
have used similar models to calculate the injected carrier densities under conditions of 
charge neutrality in the laser. With this knowledge the threshold conditions in the laser 
may be modelled. 
A further more complex method assumes that carriers will f10\\,; throughout the stnrcture 
until Poisson's equation is satisfied. An overview of the numerical solution of Poisson' s 
equation to find the injected carrier density throughout the laser is presented. Such an 
approach was used by Meney [76] to model the strain. pressure and temperature 
dependence of the threshold current of some of the lasers studied in this thesis. as 
described in chapter 6. 
3.2 HETEROJUNCTIONS UNDER FORWARD BIAS 
A semiconductor laser diode is made up from a series of heterojunctions of \arying 
layer thickness and doping density. The electrical characteristics of a pn heterojunction 
may be understood analytically [77]- As the junction is fonned and under conditions of 
no extemally applied electric tield. the ahrupt concentration discontinuity due to the 
Wide bandgap N -type 
Narrow bandgapP-type 
Pno 
I 
I 
Depletipn Region 
I ~~~--~--------~~I 
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Fig(l) Illustrates the behaviour of a heterojunction under forward bias. At zero bias the 
discontinuity between the equilibrium carrier concentrations arising from the difference 
in doping between the nand p-side of the junction leads to diffusion currents which 
flow across the junction. The migration of these carriers leave unsatisfied donor and 
acceptor sites around the vicinity of the junction. The net space charge due to this 
depletion region creates a drift current that counters the diffusion of carriers across the 
junction. The depletion region will grow until no net current flows. Under forward 
bias the drift current is reduced with respect to the diffusion current. Thus a net 
current can flow across the junction. The source of this current can be seen in the build 
up of minority carriers at the edges of the depletion regions. The diffusion of these 
carriers away from the depletion region, into the doped regions can be used to model 
the current voltage characteristics of the junction, equation 3-3 & 3-4. In a 
heterojunction device the current flowing across the junction is dominated by the 
carriers injected from the wider bandgap material. 
doping in the nand p regions gives rise to the diffusion of carriers from the n-side to the 
p-side and visa versa, tig( 1). The migration of charge across the junction lea\'es charged 
donor and acceptor sites either side of the junction. The space charge of this depletion 
region creates an electric field gradient that counters the diffusion of the free charge 
carriers. Thus the depletion region will grow until there is sufficient electric tield to 
exactly counter the diffusion of free carriers. Hence no current will f10w across the 
junction at zero bias. Under forward bias the potential energy of the n-side of the 
junction is raised with respect to the p-side. This reduces the extent of the space charge 
region thereby reducing the electric field that counters the diffusion of carriers. Carriers 
in the doped regions see a reduced electrostatic potential barrier and an enhanced 
diffusion gradient that allows them to flow across the junction. Carriers that have 
completely migrated across the depletion region against the electric field gradient 'kill 
diffuse away into the neutral doped regions. The electrical characteristics of a pn 
junction may be described in tenns of these electron and hole diffusion currents. A full 
derivation of the carrier flow across a pn junction is given in Sze [78]. Assuming 
Boltzmann-like carrier distributions, the minority carrier concentrations, 1\ and PII' at the 
edge of the depletion region may be written in tenns of the applied voltage V. 
(-QV) n" = n,,(J exp U 
Equation 3-1 
and 
(-QV) PII= PII(Jexp U 
Equation 3-2 
Here n an p are the minority carrier concentrations at the edge of the depletion region pO 110 
at thennal equilibrium. Assuming that recombination processes in the depletion region 
are zero the current flowing across the junction may be expressed entirely in tem1S of the 
diffusion of these carriers away from the depletion regIOn. The electron and hole 
diffusion currents can be written as. 
3--+ 
. - qDnnl'o (qf" 1) III - - exp --
LII kT 
and 
Equation 3-3 
. _ qDpPllo (qv 1) 
lp- exp kT-
Lf' 
Equation 3--4 
Here Dn and Dp are the minority carner diffusion coefficients for electrons and holes 
respectively and Ln and Lp are their diffusion lengths. The minority can'ier 
concentrations at them1al equilibrium may be expressed in terms of the bandgap of the 
material. Eg, and the CB and VB band density of states. Nc• N\. respectively. 
Equation 3-5 
The action of the heterojunction in carrier injection can be seen by taking the ratio of the 
electron and hole diffusion currents. Equation 3-3 and Equation 3-4 and the equilibrium 
carrier density Equation 3-5. This ratio is written as. 
Equation 3-6 
Where Nc and Nv refer to the density of states on either side of the junction, fig(l). No 
and Po are the doping densities in the nand p regions respectively and Egi and Eg2 are the 
bandgaps of the materials that comprise the heterojunction. At room temperature 
IIkT=3ge V-I, the exponential term of Equation 3-6 dominates even for small differences 
in bandgap. This means that the diffusion current is dominated by majority carrier 
injection from the wider bandgap side into the nan'ower bandgap side. 
3.3 DOUBLE HETEROSTRUCTURE DIODE 
A simple double heterostucture diode fonns the basis of the majority of modem 
semiconductor laser structures. This is fonned when a narrow bandgap lightly doped or 
intrinsic active region is placed between two wider bandgap more heavily doped layers. 
Under forward bias the majority carriers are injected from the \,vider bandgap layers into 
the narrow bandgap active region, giving rise to a non-equilibrium electron and hole 
carrier concentration in the active region that pushes the diode towards lasing. In a DH 
device the bandgap discontinuity between the narrow bandgap active region and the 
wide bandgap cladding regions acts as a potential barrier to inhibit the ditTusion of 
carriers away from the active region. If the width of the active region is made much 
smaller than the carrier diffusion length then the carrier concentration can be expected to 
vary very little across the width of the active region. In the lasers used in this study the 
width of the barrier and QW layers enclosed in the SCH is around O.2~m. This can be 
compared with a typical diffusion length of around ~ 1 ~m [79-81]. As n(x) falls as exp(-
xlLn) the carrier concentration would be estimated to fall to ~82% of its original value 
after diffusing this length. 
3.4 FERMI-LEVEL ALIGNMENT IN THE LASER 
The variation of the Fenni level across the double heterostructure diode is illustrated in 
fig(2). As a voltage is applied across the diode the electrostatic potential of the electrons 
at the ohmic contact of the n-doped layer may be raised with respect to the electrons at 
the olunic contact in the p-doped layer. Thus the difference in potential energy between 
the Fenni levels at the nand p-contacts is equivalent to the applied voltage. The large 
number of free charge carriers from the doping concentrations means that the potential 
difference cannot be maintained over the doped regions. Therefore the electric tield is 
approximately zero in the doped regions and the bulk of one doped region are raised in 
potential with respected to the bulk of the other doped region. rather than just the 
contacts. 
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Fig(2) Shows a schematic representation of a double heterostructure (DH) diode 
under forward bias. As injection is dominated from carriers from the wider bandgap 
material, the non-equilibrium population of carriers required for lasing can build up in 
the narrower bandgap active region. The non-equilibrium populations of electrons and 
holes is described by two separate quasi-Fermi levels. The position of the Fermi levels 
in the doped regions may be assumed to be fixed with respect to the band edges due 
to the large concentration of ionized dopants. The width of the narrower bandgap 
active region, 0.1-0.2 )..lm, is typically less than the injected carrier diffusion length, 1 
)..lm. To a first approximation the injected carrier density may be assumed to be 
invariant across this region. The quasi-Fermi levels describing their respective 
populations may then be regarded as flat across this region. The splitting of the quasi-
Fermi levels is therefore reflected in the junction voltage of the device. The flow of 
injected carriers across the active region is impeded by the discontinuity in the band 
edges arising from the differences in the bandgaps between the layers. Such a 
heterobarrier is instrumental in improving the performance of these devices. A fraction 
of the injected population can leak over the heterobarrier. The simple alignment 
scheme for the quasi-Fermi levels allows the estimation of the unconfined carrier 
populations. This subject is explored in more detail in chapter 6. 
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The large number of free carriers in the doped region also means that the Fermi-Ie\el 
describing the majority carrier concentrations are effectively fixed \vith respect to the 
band edges. The difference between the Fermi levels in the doped regions is then equal 
to the applied voltage. 
A discontinuity in the Fermi-level moving from the n to the p doped regions around the 
vicinity of the junction is expected. This discontinuity may be described by a pair of 
quasi-Fenni levels milToring the non-equilibrium carrier populations tlowing across the 
heterojunctions into the active regions. A continuous variation in the electric tield and 
carrier concentration for carriers injected across the depletion regions into the active 
regions is expected. The quasi-Fermi level describing the injected popUlation at the 
heterojunction interface is therefore expected to align with the Fermi level in the doped 
regions. As described above section 3.3, the injected carrier popUlation is assumed 
invariant across the active region. The quasi-Fermi levels may also be assumed to be 
invariant or flat across the active region. Therefore the energy difference or splitting of 
the quasi-Fermi levels should reflect the voltage applied across the junction. 
The Bemard-Durrafourg condition states that a net excess of stimulated emission IS 
generated when the quasi-Fermi levels are greater than the fundamental bandgap. Lasing 
should then occur when the applied voltage is a little greater than the electrostatic 
potential difference of the conduction and valance band, the bandgap energy expressed 
in volts. This is demonstrated below, chapter 4. 
A fraction of the carriers injected into the active region will have an energy in excess of 
the heterobarrier confining the injected population within the active region. These 
carriers can leak into the opposite doped region. Once these carrier enter the opposite 
doped regions they become minority carriers. As minority carriers their chances of 
recombination are greatly increased, therefore their population rapidly diminishes to 
equilibriuDl' levels. Thus the quasi-Femli level describing this minority carrier 
population will eventually join the Fermi level describing the equilibrium population in 
the doped region. The position of the quasi-Fermi level v\ith respect to the band edge, 
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describing the leakage population at the heterobarrier interface. can be used to estimate 
an activation energy for the leakage process. This subject is expanded on in chapter 6. 
The applied voltage appears across the whole device but it is not clear exactly how this 
voltage is distributed across the device. This problem is compounded by introducing 
more layers such as in a QW laser. This presents a problem in modelling lasers as it is 
often desirable to calculate the non-equlibrium injected catTier concentration when 
considering gain. radiative and nonradiative currents. 
Assuming the Fenni level alignment described above the injected carrier concentration 
may be calculated. One approach is to assume that charge neutrality exists across the 
laser structure. In a three layer SCH quantum well laser we may equate the sum of the 
injected electron cladding, barrier and well densities with the hole cladding. batTier and 
well densities. This approach has been adopted by Balig et af [75] and is expressed as 
follows. 
nwell + nharrier + ncladdill): = PlI'ell + Pharrier + Pc/mldill): 
Equation 3-7 
Under certain constraints contributions from the outer laying regions become negligible. 
For example for a sufficiently deep QW the barrier and cladding injected carrier 
populations become insignificant. 
3.5 POISSON'S EQUATION AND THE LASER 
STRUCTURE 
Under forward bias the free carriers drift and diffuse through the laser structure until the 
charge distribution satisfies Poisson's equation. The voltage applied to the contacts \vill 
vary in a continuous way across the structure giving rise to a unique carrier distribution. 
An analytical solution is impossible in all but the simplest cases. However it is possible 
to set a series of finite difference equation under which Poisson's equation may be 
solved numerically. In a laser structure under forward bias the electric field distribution 
can be reduced essentially to a one dimensional problem. Poisson's equation is \\Titten 
as. 
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Equation 3-8 
Where Vex) is the electrostatic potential as a function of distance x, p(x) is the charge 
density and E is the dielectric permittivity which, in this case. is taken a being uniform 
throughout the laser. The second differential can be expressed as a finite difference 
given Poisson's equation in a discretised form. 
V(i-J)-2V(i)+V(i+l) p(i) 
Equation 3-9 
The domain over which the solution is found, the laser structure. is divided into N-l 
intervals corresponding to N grid points. Of these two are boundary points \\hich can be 
taken to be the potential at the contacts of the laser and N-2 are internal points where the 
solution is unknown. In order to solve the problem it is necessary to have N-2 equations 
besides the boundary conditions. Therefore Equation 3-9 must be written for each grid 
point in the domain of the solution. For a simple example consider a solution domain 
covered by five grid points. The first point V(l )=V I and last point V(5)=V N are taking to 
be boundary points. Equation 3-9 can be written as. 
V(l) = VI 
V(l) - 2V(2) + V(3) = _ L1 x-' p(2) 
& 
V(2) _ 2V(3) + V(4) = _ L1 x.? p(3) 
& 
V(3)-2V(4)+V(5)=- L1x.? p(4) 
& 
V(5) = V", 
Equation 3-10 
Given the potentials. solutions to these discretised equations yield the charge density 
and potential at each point throughout the structure. The net charge density in a 
semiconductor is dependent on the relati ve ionized donor acceptor and free electron and 
hole densities at each point in the structure. 
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p(x) = q(p(x) - n(.'() + ,IV 7) (X) - V' I (:0) 
Equation 3-11 
Where n(x) and p(x) are the free electron and hole densities and Nl)" and N,- are the 
ionized dopant densities. For simplicity all the dopants may be considered to be ionized 
at room temperature. Therefore the ionized dopant density is equal to the dopant density. 
However the free charge densities also depend on the potential via the Fermi occupation 
function. Assuming Boltzman like carrier distribution and parabolic bands the free 
carrier densities are given by. 
( Fe - EC) n(x) = Ncexp kT 
Equation 3-12 
( EI' - Fr) p(x) = N \' exp kT 
Equation 3-13 
Where Fe and F yare the quasi-Fermi levels for electrons and holes respectively. Ec and 
Ey are the conduction and valence band edges and Nc and N, are the density of states in 
the conduction and valence bands. Equation 3-12 and Equation 3-13 can be substituted 
into Equation 3-11 which in turn can be substituted into Equation 3-9. This yields a set 
of nonlinear finite difference equations with three unknown variables. These are of the 
general form. 
V(i - J) - 2 V(i) + V(i + 1) = - q!1 x:! (adi) + N" (i) e"'"1 -:''v'Ji) e",IJi) 
[; 
Equation 3 -1-+ 
Whe~e a,(i) is the net ionized dopant density and a~(i) and a:;(i) describe the position of 
the hole and electron quasi-Fermi levels from the band edges. [Ec-F/kT](i) and [E,-
F/kT](i) respectively. In general solutions of sets of equations such as these is complex 
3-1 1 
and has to be performed self-consistently parameters reflecting the carrier dynamics 
such as the carrier lifetime, mobility and diffusion length. Such a solution is beyond the 
scope of this thesis. However such a technique was used by Meney [76] in modelling 
the devices in chapter 6. based on the technique of Lundstrom and Schuelke [82. 83]. 
Solution of sets of nonlinear equations such as these may be found using a quasi-
Newton method [84], a variant of the Newton-Ralphson method for finding roots of 
polynomial equations. 
3.6 SUMMARY 
In this chapter an explanation of the operation of a semiconductor laser has been gi \"en 
from the point of view of the operation of the current voltage characteristics of the np 
junction. The behaviour of a multilayered device can be understood from the 
behaviour of its composite heterojunctions. It was shown that current injection across 
a heterojunction under forward bias is dominated by carriers from the wider bandgap 
material into the narrower bandgap material. The current voltage characteristics of the 
junction can be expressed by a simplified formula that shows good empirical 
agreement. This can be used to show the dominance of recombination or diffusion 
currents in the operation of the heterojunction. 
Two heterojunctions can be used to construct a double heterojunction device, perhaps 
the most fundamental laser diode structure. Here a narrow bandgap active region is 
sandwiched between two \vider bandgap layers. Under forward bias opposite charged 
carriers are arranged to be injected from the wide bandgap material into the narrow 
bandgap material. Thus the non-equilibrium carrier concentration required for 
population inversion and lasing can build up in the narrow bandgap active region. 
The discontinuity in the band edges setup by the differences in the bandgaps betw"een 
the layers, creates a heterobarrier that impedes the flow of the injected carriers across 
the active region. The injected population is therefore contined \\ithin a \\ell defined 
active region. 
The Fermi-levels in the doped regions may be thought of as being tixed with respect 
to the band edges due to the large number of free carriers arising from the ionized 
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dopant populations. The non-equilibrium population of carriers in the acti\'e regions 
cannot be described by a single Fermi level. However the intraband scattering time of 
the order of around -I ps is very much shorter than the interband scattering time of 
around -1 ns. Therefore each of the respective non-equilibrium populations can be 
considered as being in thermal equilibrium with themselves and be described by their 
own quasi-Fermi level. The width of the active region of a DH device. 0.1 )..Lm. is 
typically less than the diffusion length of the injected carriers. l~lm. To a first 
approximation the injected carrier density can be considered to be invariant across the 
active region. Therefore quasi-Fermi levels describing their respective populations can 
also be considered as invariant across the active regions. This approximation greatly 
simplifies the energy alignment of the composite layers of the device under forward 
bias. The splitting of the quasi-Fermi levels can be reflected in the junction voltage of 
the diode, chapter4. The alignment of the quasi-Fermi levels can be used to estimate 
the activation energy needed to thermally excite injected carriers over the 
heterobarrier and out of the active region. This is explored in more detail in chapter 6. 
This simple model of the double heterostructure under forward bias may be exploited 
more quantitatively. The division of the forward voltage of the diode between its 
composite heterojunctions is not immediately apparent. The alignment of the quasi-
Fermi levels with respect to the band edges in the active region is necessary to 
calculate the injected carrier population. One method that can been adopted is to 
assume charge neutrality over the cladding. and active regions. by equating the sum of 
the electron and hole densities over these regions. This scheme may also be adopted 
for a quantum well separate confinement heterostructure device. 
A further, more sophisticated method. in modelling the laser diode is to solve 
Poisson's equation over the entire laser structure under forward bias. Such an 
equation cannot be solved analytically but is susceptible to resolution through a tinite 
difference technique. The underlying principles of this numerical solution to 
Poission's equation has been illustrated. 
CHAPTER 4 
EXPERIMENTAL 
4. INTRODUCTION 
The most fundamental characteristic that can be measured to gauge the perfonnance of a 
laser is its threshold CUITent. This is the current that marks the onset of the lasing 
oscillation condition and is sensitive to the electron hole recombination processes 
occurring in the laser. A brief description of the lasers light/current (LI) characteristics 
and associated emission spectra will be given. along with the data acquisition rig used to 
measure these LI characteristics. 
All the devices used in this thesis were measured under pulsed conditions rather than 
continuous wave (CW), in order to minimise self-heating effects which may act to 
increase the threshold above the value expected at ambient temperature. The pulse 
response of the data acquisition rig was characterised. This allowed a distinction to be 
made between the intrinsic response of the laser to pulsed signals and the distortion of 
the signals due to the experimental apparatus. Furthennore the increase in the threshold 
current with time averaged power was also measured. Thus a maximum operating duty 
cycle was established below which device self-heating effects were negligible. Particular 
problems were found with noise and electrical oscillations that occurred in synchronous 
with the firing of the drive pulse to the laser. A general strategy for shielding electrical 
equipment, absolutely necessary to produce measurable signals. was developed and 
adopted throughout the experimental apparatus. 
The ambient temperature of the laser was controlled by mounting the laser on top of a 
Peltier heat pump. The temperature was measured \vith a semiconductor temperature 
sensor mounted in between the laser and the heat pump. The temperature at the point 
where the laser was held and the semiconductor temperature sensor were compared as 
they were separated by a short thermal path. Good agreement \\as found bet\\"ecn the 
two measurements after a settling time of around 15 to 20 min. 
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A method for measuring the current voltage (IV) characteristics of the laser diode \\'as 
developed. A unity gain buffer amplifier, Appendix 1. had to be used in order to 
suppress electrical ringing in the measurement system. The junction \'oltaQe has been 
shown in chapter 3 to give a measure of the quasi-Fermi level separation in the laser. 
Furthermore. the Bernard-Durratfourg condition [5J indicates that the quasi-Femli le\'el 
splitting is of the order of the bandgap at threshold. This was demonstrated to be the 
case in the 0.82%) tensile strained laser. after the effects of parasitic series resistance had 
been removed from the raw IV characteristic. Moreover the IV characteristics of red. 
yellow and blue LED's were shown to progressively shift towards higher voltages as the 
emission wavelength was shortened. 
4.1 LI-CHARACTERISTICS 
The threshold current of a laser may be found by measuring the light intensity emitted 
from the facets of the laser as a function of the injected current. A typical LI 
characteristic is shown in fig( 1). The rapid linear increase in the light intensity "'lith 
current is indicative of the onset of lasing. This linear behaviour may be extrapolated 
back to zero light intensity to define the threshold current. The external differential 
quantum efficiency of the laser is given by the slope of the LI characteristics above 
threshold. Lasing is marked by a distinct change in the emitted facet spectrum. The 
spectrum below threshold is broad band in nature and is related to the spontaneous 
emission spectrum, Inset a) fig(1). The facet spectrum is termed Amplified Spontaneous 
Emission (ASE) spectrum because the light emitted from the facet has propagated along 
the gain medium and consequently undergone amplification. At sufficiently small 
currents, when the gain is small, the ASE spectra approximates to the pure spontaneous 
emission spectrum. Closer inspection of the ASE spectra would reveal the presence of 
closely spaced longitudinal Fabry-Perot modes. As the laser is pumped to\\'ards lasing 
the modes that coincide with the peak of the gain spectra are preferentially amplified, It 
is normal for several of these cavity modes to be excited into lasing giving a multimode 
output, inset b) fig( 1). At threshold the stimulated emission rate into these modes 
dominates all other recombination processes occurring in the laser. 
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Fig( 1) Shows the typical light current (LI) characteristics of a laser. The rapid linear 
increase in the light intensity is indicative of the onset of lasing. This linear increase may 
be extrapolated back to zero light intensity to define a threshold current.The facet 
emission spectra below threshold is broad band in nature . Once threshold is reached 
cavity modes coinciding with the wavelength of the peak of the gam spectra are 
preferentially amplified. 
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Fig(2) Shows the schematic representation of the measurement rig . Pulsed power was 
supplied to the laser from a signal generator via a pulse amplifier to extend the 
dynamic range of the power supplied to the device. A 47Q resistor was mounted in 
series with the laser to impedance match the end connection to the SOQ coaxial cable. 
The current flowing in the series circuit to the laser was measured by an inductive loop 
current probe. The optical signal from the laser was co llected by a photodetector 
sys tem consisting of a photodiode and a pulse ampli fier. This system gave a linear 
voltage output with .light intensity . The optical and current signals were measured on 
a digital osc ill osco pe interfaced with a co mputer. the same computer could be u. ed to 
increment the amplitude of the po we r pu lses from the signal generator thu s 
automatin g the co ll ec ti on of an LI characteri stic . The photodetector could be re lJccu 
with a unity ga in buffe r amplifier to pro vide a measurement of the Junction vo ltage. 
1\11 the injected carners above lasing go into the lasing transitions. Thus the light 
ntensity above threshold is seen to increase linearly with current. The carrier density 
~an be expected to be pinned or clamped above threshold. This pinning behaviour has 
)een seen [85,86] by the observation of the pinning in the intensity of true spontaneous 
~mission spectrum emitted in a direction perpendicular to the lasing axis at or ablwe 
asing. Light emitted in this direction traverses a negligibly small section of the gain 
nedium and so is not expected to be amplified. 
t2 LI MEASUREMENTS 
~ig(2) shows a schematic representation of the basic apparatus for acquIrIng LI 
neasurements and the lasing threshold current. This rig consists of a pulse generator to 
upply power to the laser, a current probe to measure the current flowing into the laser 
nd a photodetector to measure the light output from the laser. A pulse generator was 
lsed to supply power to the laser in order to minimise self heating effects in the device 
leing measured. Self-heating effects can act to increase the threshold current above the 
mbient temperature value. As the devices used were unmounted chips, thermal contact 
etween the laser and the base of the laser clip (section 4.2.2) was likely to be poor. A 
lIler account of self-heating effects will be presented in chapter 8. The pulse generator. 
Hewlett Packard 8112A, was ideal for generating voltage pulses into a son load. The 
ffective series resistance of the laser chip was estimated at 8n from typical threshold 
V data. Thus a standard carbon 47n resistor was placed in series with the laser diode in 
rder to match the load resistance to that of the signal generator. Adequate LI data could 
e taken without this matching resistance however the pulse shape derived from the 
lrrent probe and photo detector did show slight ringing. A linear leading edge of 70ns 
1d trailing edge of 200ns could also be set on the pulse generator to reduce the effects 
~'ringing on the signals from the current probe and photodetector. 
.2.1 PULSED MEASUREMENTS 
II the lasers used in this thesis were operated under pulsed conditions instead of C\V 
ode. The chips were not bonded down to a heat sink but operated in a clip 
rangement, section 4.2.1 and consequently \vere in poor thermal contact \\ith the 
rroundings. Therefore it was necessary to minmise self-heating effects and in tht: 
worse case scenario prevent the chips from burning out. Typical pulsed \\'idths used 
ranged from 1-3/-1s at a repetition period of SOms or greater, section -+.S. 
All the signals measured from the lasers were in the form of electrical pulses. Any 
electrical pulse can be characterised by its rise and droop time, fig( 3). The rise time of 
the pulse is defined as the time it takes for the signal to increase from 10% to 90% of 
its maximum value, whilst the droop time is defined as the time it takes for a sinn;}1 to 
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fall from 900/0 to 10% of its maximum value in response to a step input. The rise and 
droop time of a signal are a function of the frequency response of the measurement 
system. Any system can be described in terms of its high and low frequency 
responses. Thus the high frequency response will limit the rise time whilst the low 
frequency response will govern the droop time. 
Modulation of the optical, arising from thermal effects, was measured in all these 
devices over the duration of the pulse width. The natural rise and droop times of all 
the detectors used, photodetector, section 4.2.4, the current probe, section 4.2.3 and IV 
measurement rig, section 4.4, were measured in order to show that the thermal 
modulation of the optical pulse due was a consequence of the properties of the laser 
under test, rather than an artefact of the measurement system. 
4.2.2 THE LASER CLIP 
All the devices used in the study were unmounted chips. The small dimensions of each 
device 500x225x 1 OO/-1m presents a practical problem in making electrical contacts to 
each device. The was overcome by using the laser clip illustrated in fig( 4). Here the 
laser chip can be manually pushed under the spring loaded finger. The finger and the 
base form electrical contacts to the device and are insulated from each other via the 
spacer which is made from printed circuit board material. The whole arrangement may 
be easily manipulated and incorporated into various systems such as a cryostat or 
pressure system. The clip also has the advantage that the connection made to the laser 
are temporary as opposed to gold wire bonding. 
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Fig(3) Shows the definition of the rise and droop times of a typical pulsed signal. the 
rise time, following the electrical definition, is considered to be the time for the signal 
to increase from 10% to 90% of its maximum value. The droop time is defined as the 
time taken to fall from 90% to 10% of the maximum. These effects originate from the 
limited band width and low frequency cut off characteristics of the amplifier systems 
used in the measurement apparatus. The measured falloff of the optical signal was 
very much faster than the measured droop time of the photodetector. Thus implying 
that the change was caused by an effect intrinsic to the laser such as self-heating, 
rather than an artefact of the measurement system. 
Lever to lift finger for 
mounting laser chip 
Insulating Spacer 
Base plate/ Bottom 
contact 
Finger/ Top Contact 
Laser Chip 
Fig( 4) Shows the clip used to hold the individual laser chips in place. A spring load~d 
finger, electrically isolated from the base plate served to hold the laser in place with 
minimal force and the act as a top contact. The clip was mounted with respect to a 
Peltier heat pump shown below. 
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4.2.3 CURRENT PROBE 
The current was measured with an inductive loop current probe. This had the advantage 
of not loading the series circuit, as it was electrically isolated from the dri\'c circuit. Thc 
amplitude of the voltage pulse from the current probe was proportional to the current 
flowing in the series circuit and could be measured on a digital oscilloscope. Thc current 
probe was calibrated against a 10, 20n carbon resistors, giving the current in amps as 
2.5 times the measured voltage in volts, into a son load at the oscilloscope. Good 
linearity was observed down to ~lmA, despite the fact that large leading and trailing 
edge spikes were observed on the current probe pulse at these low cun'ents. The 
amplitUde of the flat top of the current probe pulse was always measured. The current 
probe was easily able to follow the leading edge set on the pulse generator down to rise 
times around 200ns. The droop time of the current probe, measured as 400 ms, was 
found to be greatly in excess of the typical pulse widths used of around 3ms, thus the 
output pulse could be considered flat over the duration of the powering pulse. 
4.2.4 THE PHOTODETECTOR 
The photo detector consisted of a Si photo diode connected to an ac. coupled pulse 
amplifier. The amplitude. of the voltage pulse produced from the photodetector was 
proportional to the photocurrent generated in the photodiode. This in tum was 
proportional to the light intensity falling on the active surface of the diode. Two 
considerations "vere made in the design of the photodetector. These were the trade off 
between detector rise time and signal 
to noise ratio. A short rise time of a few hundred nanoseconds was specified for the 
photodetector as interest was expressed at the start of the project in resolving the 
evolution of the light output from the laser over the period of the drive pulse, -3)1s. The 
signal to noise ratio may be increased by increasing the active area of the photodiode 
thereby increasing the total amount of light that could be captured by the photodiode. 
However this has the effect of increasing the intrinsic capacitance associated with thc pn 
junction. The effective time constant of the photodiode circuit is therefore increased, 
reducin() the rise time of the diode. Thc fundamental limit on photodetcctor risc time is 
b 
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given by the rise time of the photodiode. The SOmm~ photodiode was quoted. from th~ 
manufacturers data. as having a rise time of 200ns more than adequate to resoh~ the 
evolution of the optical signal from the laser over the microsecond time scale of the 
drive pulse to the laser. An ac. coupled amplifier with a rise time of the order the 
photodetector rise time was designed [87] in order not to limit this further [88]. 
Subsequent measurements showed that the average power output from the lasers and the 
gain of the photodetector often required that the optical signal from the laser had to be 
attenuated using neutral density tilters to prevent saturation of the photodetector output 
at or before lasing. However the large gain proved advantageous when measuring the 
low intensity output from an optical fibre. A slower detector rise time may be used to 
some advantage at the expense of losing the time information from the optical signal of 
the laser. This has the effect of incorporating a low pass tilter on the front end of the 
detection system which will act to filter out any high frequency components of the 
detected signal associated with noise. In these devices self-heating effects \vere 
measured from the modulation of the optical intensity with time. The rate of change of 
temperature was measured as ~ 7K1)ls, chapter 8. A faster detector still, with a rise time 
of O.Sns [89], was also used to measure self-heating effects over a period of 81 Ons. The 
results of this system gave the same self-heating as the slower 200ns. photodetector. The 
small size of the fast O.Sns detector limited the signal strength that could be acquired. 
A Si photodiode was chosen because the window of spectral sensitivity coincided with 
the output wavelengths of the lasers used in this study. 749 to 980nrn. A similar Ge 
based photodetector was tried but failed to give a measurable response even for the 
longer wavelength devices that approach the window of spectral sensitivity of Ge based 
photodiodes. 
4.2.5 TEMPERATURE CONTROL 
This was achieved for temperatures from room temperature up to 80C using a 2.S \V 
Peltier heat pump mounted directly under the laser clip holder. fig(S). This whole 
aITangement was mounted on a heat sink. Good themlal contact was maintained 
between the surfaces of the Peltier heat pump and the metal of the laser clip mount 
through the liberal usc of zinc based heat sink compoLlnd. The Peltier heat pump \\as 
-+-s 
powered by a special low output impedance source as the heat pump presents \ery little 
series resistance. Temperature measurement was achieved by using an L\ 13 5 
semiconductor temperature sensor was mounted in an orifice under the seat of the laser 
clip. The LM35 is laser trimmed to give a output of 1 Om VIC ±0.1 C [90], thus a direct 
reading of the temperature could be achieved using a digital volt meter. :\s the 
temperature sensor was mounted in between the laser chip and the Peltier heat pump. 
temperature gradients between the position of the laser and the temperature sensor were 
investigated. This was achieved by mounting the welded end of a copper constantine k-
type thermocouple under the finger of the laser clip. This was then buried in heat sink 
compound to provide good thermal contact. The differences in temperature betvveen the 
LM35 sensor and the thermocouple did not exceed 0.1 C over a temperature range of 
60C. A settling time of around 15 to 20 minutes also found from these measurements. 
The temperature stability became increasingly poor at high temperatures, 70-S0C, 
corresponding to Peltier currents of 5A. This could be markedly improved by reducing 
the resistance of the wires supplying the heat pump by connecting several wires in 
parallel. Some attempt was made to calibrate the temperature against Peltier current. 
However this was found to vary with laboratory temperature and so was used only as a 
rough guide. The sluggish nature of the thermal response of the system meant that the 
temperature could easily be stabilised --±O.2C by manually adjusting the Peltier current 
The temperature range could be extended, 77 to 400K, by the use of an OXFORD 
instruments cryostat. The basic measurement system described here could easily be 
interfaced with the measurement system described here. Temperature measurement was 
provided with a precalibrated rhodium temperature sensor. Excellent agreement between 
the LI temperature characteristics was found over the common temperature windows of 
the two temperature control systems used. The Peltier system was preferred whenever 
possible as it was simpler to operate. 
4.2.6 NOISE SHIELDING AND PICKUP 
Cascading several items of equipment together, such as oscilloscopes. power supplies. 
signal generators etc .. resulted in excessive electrical ringing and noise. \\'hich was 
sufficient to S\\<.lmp the desired signals that \\ere being mC~bured. Sc\eral prccautions 
were taken to counter this noise and pickup. It was found that much of the ringin~ ...:oulJ 
be reduced by simply ensuring that the power connection fanned out from a common 
multiblock connector. This may act to break any earth loops unintentionally f0l111ed in 
setting up the system. Connecting separate items of equipment to different \vall mOLlnted 
sockets often lead to undesirable electrical ringing. 
The photodetector was found to be particularly sensitive to pickup. Large amplitude 
ringing coinciding with the firing of the pulse generator could be observed. even when 
the aperture to the photodiode was blocked to shut off the light signal. This implied that 
the problem was electrical in nature. The problem was overcome by tloating the 
circuitry of the photo detector. including the ground of the BNC coaxial connectors. 
with respect to the casing. A separate eatih return was provided by shielding the coaxial 
signal return cable in braided sheath. Continuity of the shielding was maintained to the 
casing holding the amplifier circuitry. The shielding and the earth return \V'ere grounded 
remote from the photodector at the connection to the oscilloscope. Thus any pick up 
induced in the photodetector circuitry would appear on both the signal and ground lines 
as they were floating with respect to the shield, fig(6). Only the difference between the 
two, the true signal, would be amplified. This precaution reduced this ringing to an 
almost negligible amount. 
4.2.7 AUTOMATED MEASUREMENTS 
The signal generator settings and the data acquisition from the oscilloscope were all 
controlled through a computer using standard general purpose interface bus (GPIB). The 
signal generator was set to incrementally increase the amplitude of the voltage pulse 
supplied to the laser thus increasing the current. The resulting current. photodetector or 
voltage signals were then measured thus acquiring a full LI or IV characteristic. The 
amplitude of the output signals were measured using algorithms built into the digital 
oscilloscope. This gave considerable flexibility in the type of data that could be taken. 
The current probe and junction voltage signals were taken using an amplitude measuring 
function because of the flat top of these signals. Ho\vever the optical signal vvas seen to 
fall linearly after the leading edge above threshold. The oscilloscope was then set to 
measure the maximum of the light signal just alter the leading edge. 
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Fig(5) Shows the apparatus used to mount the laser clip. The clip is held in close 
proximity over a Peltier heat pump used to provide environmental temperature control 
in the range 20-80C. An LNI35 semiconductor temperature sensor is inserted into a 
hole drilled in this base plate, such that it is positioned in between the laser and the he:J.t 
pump, as close as practically possible to the laser. A thermocouple placed unda the 
finger of the laser clip and buried in zinc loaded heat sink compound showed no more 
than 0 .1 C difference from the semiconductor sensor, after a settling time of 15-20 
minutes . The base plate on which the clip was seated also serves as a bottom electrical 
contact. A recess in this plate also served to align the position of the clip. 
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Fig(6) Shows a schematic representation of the electrical circuit used to isolate the 
photodetector system from the electrical pick th at occurred in synchronous with the 
generation of the power pul se to the laser. The coaxial cable use to carrier the desired 
signal was encased in a braided metal slee ve. Continuity of this shield was maintai ned 
by connecting the sleeve to the outer metal cas in g containing the photodetecto r pulse 
amplifier. The intern al electro nics was left floating with respect to the shield. The 
shield was only grounded remote ly from the photodetector at the connection to th 
oscilloscope. Thus in principle any electrical pick up would occ ur on both the ignal 
and signal return lines with respec t to the shield, whilst the difference between hem. 
the desired signal, wou ld be maintained . Thi s system proved effecti ve in counterin~ 
elect ri cal pick up in the ph otodetector system J.nd the unity buffer J.mplifier used In he 
rv rig. This also proved effecti ve in hJ.rdening the system to noise derived from 
unintenti onal earth loops th at plague many modulJ.r measurement sys em. 
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Furthermore t\\/O cursors could be set to probe the amplitude at different times on a 
given trace. This function was used to measure the rate of fall of the optical pulse Juring 
self-heating. The computer could also be made to read the pulse shape stored in the 
digital oscilloscope. 
4.3 PRESSURE MEASUREMENTS 
The lasers could be measured under conditions of hydrostatic pressure from O-15kbar. 
The resulting shifts in the direct and indirect bandgaps of the semiconductor described 
in chapter 2. could be used to simulate compositionally different semiconductor 
compounds. A laser clip was mounted on the end of a piston that was immersed in a 
50:50 amyl alcohol/Castor oil mix as a pressure medium. A hydraulic press was used 
to drive the piston into the container holding the pressure medium. The resulting 
compression of the pressure medium transferred the pressure hydrostatically to the 
laser chip [91]. The science and technology of containing such explosively high 
pressures will not be discussed here but can be found elsewhere [92]. The light output 
from the lasers was coupled into a optical fibre mounted in a bore in the piston. The 
same bore was used to carry the electrical connections to the device. 
The pressure of the medium was measured usmg a manganm coil sensor. The 
resistance Qf the wire varies in a known way with pressure. The sheer mass of the rig 
could be used to assume a reasonable degree of temperature stability of the 
experiment in the temperature controlled environment of the laboratory. Little drift in 
the threshold current could be measured if it were held at a fixed pressure. 
4.4 IV MEASUREMENTS 
The junction voltage of the laser diode was measured to give an estimate of the quasi-
Felmi level splitting inside the laser, chapter 3. The IV data was measured using a four 
point probe measurement. The current was supplied as before via the signal generator 
and separate connections (voltage sens.). \V"hich carried no current. \\'ere made to 
measure the volta<re to avoid series resistances. These connections were made as close b 
as practically possible to the laser chip gin~n its mounting arrangements. It was 
originally thought that the input impedance of the oscilloscope. 1 \ 10 ~ 30pF. \\ as 
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sufficient so as not to present a signiticant load across the laser chip. Therefore the 
voltage sens. connections \vere made directly to the oscilloscope. Ho\\ e\er this caused a 
large amount of ringing that could not be overcome with numerical averaging from the 
digital oscilloscope. The voltage sens. connections made in this way cenainly closed the 
earth loop between the signal generator and the oscilloscope (The cun'ent was measured 
with an inductive loop cunent probe so no physical connection). This problem \\'as 
overcome by using a unity gain, high input impedance buffer amplifier. appendix 1. The 
amplifier circuitry was kept t10ating from its casing and provided with a separate eanh 
return in the same manner as the photodetector. Although ringing was eliminated the 
output pulse shape from the amplifier became increasinu.lv dist0l1ed as the Ienu.th of 
~ - ~ 
coaxial cable between the laser and the amplifier was increased. It was found that good 
square pulses were measured if the length of this cable was kept below -30cm. Good 
linearity of the amplifier was found using a series of test pulses from the signal 
generator. 
A parasitic series resistance. Rs was assumed in all IV measurements of laser diodes. 
This may be estimated by asswning that the voltage should pin at threshold (i.e. a 
differential resistance of zero) so that the IV characteristics above threshold would tend 
to become linear with a slope equivalent to the series resistance [93]. This could be 
found by perfonning a linear regression on the data above threshold and was found to be 
of the order -1-2£1. Assuming this value was constant over the entire IV run the 
contribution of the series resistance to the IV curve could be removed. This is illustrated 
in fig(7), for the 0.82% tensile-strained laser. The voltage appears to become pinned at 
threshold after the effects of series resistance have been removed from the initial data. 
The pinned voltage is expected to be of the order of the transition energy at the lasing 
wavelength because the Bernard-Dunafourg condition tells us that the quasi-Fenni le\'el 
splitting, equal to the junction voltage, is equal to the bandgap at transparency. The 
quasi-Fenni level splitting at transparency is not equal to but less than that at threshold. 
However for a laser with low internal optical loss processes the quasi-Fenlli k\ el 
splitting at threshold is expected to be close to that at transparency. In this de\'ice the 
lasing wavelength of 761 nm is equivalent to a photon energy of 1.62ge V which is equal 
to the measured pinned voltage of 1.635V within experimental error. 
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Fig(7) Shows the typical IV characteristic measured from the 0.82% tensile strained 
laser. A four terminal measurement was used to eliminate parasitic resistance effects 
from the connecting wires. In practice a unity gain, high input impedance, buffer 
amplifier was needed to decouple any loading effects that appeared in shunt with the 
diode being measured. This also proved effective in eliminating noise and ringing 
possibly derived from an earth loop that was made in bringing the voltage signal back 
to the oscilloscope. The effect of further ohmic drops due to contact resistance, 
appearing in series with the laser may be eliminated from the IV characteristics 
themselves. This assumes that the IV characteristics become linear at a sufficiently high 
voltage with a slope equivalent to this series resistance. In practice a resistance of a few 
ohms was typically measured. Removing the effect of this resistance from the IV 
characteristics shows that the junction voltage tends to pin around threshold. The 
pinning voltage may be assumed to be of the order of the transition energy at the lasing 
wavelength from the Bernard-Durraffourg condition. In this case the lasing wavelength 
of 761 nm gives a transition energy of 1.629V close to the measured voltage of 
1.635V. 
.+-1.+ 
IV for a Red, YeIlow&B1ueLFD 
0.140 r---;--------;------:-------. 
0.120 
0.100 
0.040 
0.020 
._ .... _ .............. _._._ .... _ ................. :+._ ............ -.... -.-.-............ -.-.-.-.~ ............ -.-.-.-......... .. 
I ; 
• ; 
• .... _._._ ............ _._. __ ................ -............... _.-.......... _ ........... _ ....... , ................ _ ...... -........ . 
I 
.i 
i 
• Red (x55rrn 
Eg-l.&55eV 
• Yellow 55XXm 
Eg-21<ThV 
A Blue 429rnn 
._._._._ ............ _._. __ ........ _ ...... :-._ ............ -.-.-.-.................. -.-.-.~ ............ -.-.-.-.......... Eg-2. 85X)4e V _ ... _ ............... _ ...
·i . 
=~~~=---~l~t=~;---~-:r:~-~~::::--:~---~:------
• ; I: ; 
---------f----t·~--------------f------------------------)---
• .-; : i A & A A A i 
o.an t--ihI~""""~~~! r-*r,"*~~~k-:r-; .......,....~..£-rA-..A...-.Aj.:-=A:.....;::..A _A-r--,---..-_. ~ 
1.00 2.00 3.00 4.00 5.00 
Voltage (V) 
Fig(8) Demonstrates IV measurements on a red, yellow 'and blue LED. The shift in the 
characteristic towards shorter wavelength is expected as the junction voltage is 
expected to follow the bandgap of the active material. The slope of the characteristics 
also becomes smaller towards shorter wavelengths. This may demonstrate the 
increasing effective contact resistance with bandgap as it becomes harder to fInd 
effective dopants to form an ohmic contact. 
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IV data was also taken for a red. yellow and blue LED, fig(S). The junction \'oltage is 
expected to be of the order of the bandgap of the diode being measured. This can be 
seen in the general shift to higher voltages of the IV characteristics as the \\a\'e!ength is 
shortened towards the blue end of the spectrum. The slope of the IV measurement falls 
towards the blue end of the spectrum. This may be attributed to an increase parasitic 
series resistance, possibly due to the effective increase in contact resistance. This rna\' 
arise form the weaker action of dopants, in wide bandgap semiconductors. fonning an 
ohmic contact. The upper measurable limit of the unity gain buffer amplifier can be seen 
in the IV curve for the blue LED which is limited to 5V. 
4.5 SELF-HEATING EFFECTS 
As a given fraction of the power supplied to the laser goes into heat generating processes 
the operating temperature of the laser chip may be expect to rise during operation 
especially if the device is in poor thermal contact with its surroundings. This vvas 
assumed for all the lasers in this thesis as they were mounted in the laser clip. The result 
of this is that the measured threshold current is likely to be slightly greater than that 
expected at the background temperature measured by the temperature sensor. This self-
heating may be countered by operating the laser under pulsed conditions as this will 
reduce the time averaged power supplied to the device. The power supplied to the 
device is a function of the duty cycle of the pulsed power source. Therefore the question 
arises as to what duty cycle is required to make self-heating effects negligible. This was 
investigated by using the laser diode itself as a temperature sensor and measuring the 
variation of threshold current with duty cycle. The temperature of the laser chip would 
be expected to rise exponentially during the on-period of the pulse and fall exponentially 
during the off period. After a large number of power cycles the chip will reach thermal 
equilibrium where the temperature rises from and falls to a background temperature 
some what above ambient. This may be seen in more detail in chapter S. Decreasing the 
off-time or increasing the on-time will increase this background temperature. Fig(9) 
shows the variation of threshold current with duty cycle. Here the on-time \vas kept 
constant at 1 ~lS 'to provide~ a flat top for the CUlTent pulse whereas the period vvas set to 
1 ms, 200, 100, 20, 1 ° ~s respectively. There is \'ery little change in threshold current 
with off-periods of 1 ms and 200, 1 00 ~lS whereas the threshold current is seen to 
increase after 20. 1 ° ~lS. Thus \\'ith the longer period the laser has time to cool dn\\ n to 
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Fig(9) Shows the increase in the threshold current of the 0.68% tensile-strained laser 
with increasing duty cycle at a fixed ambient operating temperature. The "on time" of 
l~s was kept constant whilst the period between the drive pulses, the repetition 
period, was shortened. The increase in the threshold current demonstrates the action 
of self-heating in the devices. Self-heating effects tend to become negligible for 
sufficiently long "off-times". The repetition periods used throughout the experiments 
in this thesis were of the order of 50ms, i.e. very much greater than the limit presented 
here. Self-heating effects due to the time averaged power supplied to the device may 
therefore be considered negligible. Further self-heating effects over the duration of the 
on-time may also be considered negligible as the optical signal was derived one rise 
time after the start of the optical signal. The time evolution is dealt with in further 
detail in chapter 8 of this thesis. 
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the ambient temperature. In practice periods of 50ms or greater were used to absolutel\ 
ensure that the background temperature was kept at ambient in all the lasers used in this 
study. Furthermore measuring the maximum in light sional immediatelv after the b • 
leading edge of the pulse ensured that the heating time was kept to a minimum. The 
current and voltage signals supplied to the laser were seen to be constant and therefore 
immune to the thermal modulation effects seen in the optical signal. Therefore the 
power supplied to the chip, the current voltage product was constant during the on-
period. 
4.6 SUMMARY 
The measurement apparatus described here was constructed around the need to measure 
the LI and IV characteristics of the laser under two controlled environmental parameters 
of temperature and pressure. However self-heating effects can act to raise the threshold 
current above the value expected at ambient temperature. This was overcome by 
measuring the devices under pulsed conditions, minimising the time averaged power 
supplied to the laser. The response of the measurement system to pulsed signals was 
therefore characterised. Thus a distinction could be made between the intrinsic pulse 
response of the laser and the distortion of the pulsed signal by the apparatus. 
Furthermore a maximum operating duty cycle was established below which self-heating 
effects were negligible. A standard operating duty cycle, far below this limit was 
adopted throughout all these measurements. The response time of the detector system 
was fast enough to follow the time evolution of the pulsed signal from the laser over 
period of a few microseconds. This was used to measure efficiency of the device from 
the self-heating in chapter 8. However the speed of the detector system made the 
measurements susceptible to electrical noise and ringing which are usually integrated 
out in a slower system. An effective shielding method was developed and adopted 
throughout the apparatus and was found absolutely necessary to produce measurable 
signals. 
In chapter 3 the junction voltage was shown to follow the quasi-Fermi level splitting in 
the device. The Bemard-Durrafforug condition [5] indicates that the quasi-Fermi le\el 
splitting in the laser should be of the order of the bandgap at threshold. This \\:1S sho\\'n 
to he the C~lS~ in the 0.82% tensile-strained laser. after the effects of parJ,sitic series 
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resistance had be removed from the raw IV characteristics. The IV characteristics of a 
red, yellow and blue LED were also found to move to higher voltage as the wavelength 
was shortened. 
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CHAPTERS 
THE DEVICES 
5. INTRODUCTION 
The lasers used in this thesis form a systematically varying set of devices with which 
it is possible to explore the variation of the threshold current and its underlying 
processes over a wavelength range in the near infrared between 980 and 749nm. The 
variation of the band structure across this systematically varying set of samples is 
explored in this chapter. 
All the devices used in this study were nominally identical in composition and 
structure apart from the composition of the single quantum well which varied 
systematically from device to device. The active regions and SCH layers were grown 
on an 001 orientated GaAs substrate. The SCH region was made from an 
Alo.sGClo.sAs/ Alo.3Gao.7As combination of alloys which are closely lattice matched to 
the substrate and therefore considered unstrained. The GaAsP and InGaAs material 
systems were used to form the basis of the active region of these devices as their alloy 
compositions could be tailored to cover this wavelength range. The addition of 
indium to a GaAs QW acts to increase the lasing wavelength and incorporate 
compressive strain into the active layer. Conversely the addition of phosphorus to a 
GaAs QW acts to shorten the lasing wavelength and incorporate tensile strain into the 
active layer. 
The material compositions and strains were provided from the growers [94]. This 
data, together with the bandgaps, band offset ratios, was used for calculation of the 
optical transition energy and the layer strains in the QW's, using model solid theory of 
van de Walle and Krijin [95,96]. The method used to calculate of the energy of the 
confined states in finite depth quantum well is also demonstrated. The calculated 
optical transition energy was found to be in close agreement with that measured at the 
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lasing wavelength. The calculated strain in the QW was also found to be close to that 
measured through X-ray diffraction techniques [94], giving confidence in the material 
data supplied from the growers. 
The bandgaps of the materials in the compressively strained regime were found to be 
described, in the literature, by two different bowing parameters (bowing parameters 
are defined in section 5.2). Both of these bowing parameters were tested on a 
randomly selected set of published data found on studies photoluminescence on 
InGaAsl AIGaAs quantum wells. Examples were found where optical transition 
energies in the QW were described by each bowing parameters. No preference was 
found for either value. The ratio of the bowing parameters, 1.6, is greater than 
expected from variation due to experimental error. This implies some physical 
difference between the samples. It is tentatively suggested that alloy ordering effects 
during the growth of these samples may be responsible for the difference in these 
devices. The larger bowing parameter used for these lasers suggest that some alloy 
ordering [97, 98] may have occurred in these devices. 
Strain can be supported in a given layer if the critical strain thickness product of that 
layer is not exceeded as described in chapter 2. Previous experimental studies [99] 
suggest a value for the critical thickness for GaAsP/GaAs which is not exceeded by 
the tensile GaAsP lasers used in this thesis. Furthermore the maximum compressively 
strained InGaAs lasers used in this thesis fall inside the strain thickness product 
calculated using the method of Matthews and Blakeslee [62]. Therefore the lasers 
used in this thesis are likely to be unrelaxed and free of these misfit dislocations. 
All the lasers used in this thesis had A20), 'A/2 facet coatings. Theory shows that the 
reflectivity of these coatings is dependent on the refractive indices of the laser 
material, the coating and the external medium, the thickness of the layer and the 
wavelength of the radiation reflected at the facet. If the thickness of the layer is made 
equal to 'A/2, measured at the lasing wavelength, then the reflectivity of the layer 
becomes independent of the refractive index of the layer material. The ret1ecti\'ity 
reduces to that of a facet without a coating. This simplifies the analysis of the change 
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of facet reflectivity as the laser is immersed in a liquid as has been done in chapter 7. 
The role of the facet coatings is to protect the surface of the facet from degradation 
rather than to enhance the reflectivity of the facet. 
5.1 MODEL SOLID THEORY 
This is a method in which the bulk band edge energy levels can be calculated as a 
function of strain and composition and was used in sections 5.5 & 5.6 in calculating the 
strain and optical transition energies from the material data supplied by Carl van der 
Poel [94]. This method places the CB and VB band edge energies on an absolute energy 
scale. Therefore the band offset ratio between different materials forming a 
heterojunction may be calculated. It should be noted that this absolute energy scale only 
has physical significance when comparing band edge energies in model solid 
calculations. The method, presented by Van de Walle[95] and Krijin [.96 ], starts by 
relating the calculated energy of the CB and VB band edges to a common reference 
level. This reference level was chosen to be the average electrostatic potential in a semi-
infinite model solid, Ey,aY' Tables of values of Ey,aY and all the relevant parameters for 
model solid calculations for different binary compounds are given in Krijin. The band 
edge energies for ternary or quaternary compounds can be found by interpolation 
between the values calculated for the constituent binary compounds, using the 
appropriate bowing parameter, section 5.2. The energy of the VB band edge, as 
presented by Krijin, is expressed as follows. 
flo 
E v = E v,av + 3 + M(hy ) v,av + M(sh) HH,LH,SO 
Equation 5-1 
The effects of strain are resolved into two components, a hydrostatic shift flE(hy) and a 
shear shift flE(sh). In the absence of strain the valence band edge is expressed relative to 
the average valence band energy Ey,av = (EvCHH)+Ey(LH)+L1o)/3). The hydrostatic shift 
results from a volumetric change of the unit cell of the crystal as it undergoes biaxial 
distortion due to strain. Because Poisson's ratio is less than unity the resulting uniaxial 
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distortion perpendicular to the plane of the layer means that the overall volume of the 
unit cell is changed. This is equivalent to the volumetric change in the unit cell due to 
externally applied hydrostatic pressure presented in chapter 2. The total shift is 
proportional to the change in fractional volume multiplied by a deformation potential. 
The deformation potential is calculated from model solid theory and takes into account 
the mixing between the valence band basis functions. The shear shift is different for 
each HH, LH and SO bands due to the different mixing between the x, y and z 
components of the p-like VB orbitals. The shear energy shift is dependent on the 
crystallographic orientation of the substrate, 001 or Ill. This can be calculated from a 
distortion of the lattice due to the shear and a shear deformation potential. 
The energy of the direct CB edge, in the absence of strain, is simply the VB edge energy 
plus the experimentally derived bandgap. 
Equation 5-2 
The s-like symmetry of the conduction band states at r mean that there is only a 
hydrostatic shift in band edge energy with strain. 
5.2 BOWING PARAMETERS 
The shifts in the band edge energies presented above are calculated for material 
parameters derived for binary III-V compounds. The bandgap and spin orbit splitting of 
a solid solution of these binaries generally does not fall linearly between its constituents 
but follows a nonlinear behaviour that can be described by a second order polynomial. 
Thus for ternary compounds of the form ABxC,_x a given parameter, T, e.g. the bandgap 
or the spin orbit splitting etc. May be written as a function of composition as follows. 
Equation 5-3 
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The coefficient S is the bowing parameter of the ternary compound which is usually 
derived experimentally. 
5.3 CALCULATION OF QUANTUM CONFINED 
STATES 
Solutions of confined states in the QW of these laser were also used in sections 5.5 and 
5.6 to calculate transition energies at the lasing wavelength. Exact analytical solution of 
the energy states in an infinitely deep QW may be obtained via equation 2-21, as the 
wavefunction must go to zero at the edges of the well. In a QW of finite depth this is not 
the case and an exact analytical solution cannot be written. The solution to Shr6dingers 
equation for the wavefunction at the welVbarrier boundary changes from oscillatory, 
Acos(kx)+Bsin(kx), to exponentially decaying, Cexp(Kx)+Dexp( -Kx), as the energy of 
the particle is less than the potential energy of the barrier. The even and odd solutions 
respectively of the wavefunction in the well can be shown to satisfy the transcendental 
equations [102]. 
Equation 5-4 
Equation 5-5 
and 
k 2 2 2mVo +K =--
n2 
Equation 5-6 
Where, m, is the effective mass of the particle in the well, L, is the width of the well, Vo, 
is the depth of the well and n is the reduced Planck's constant. Here k and K are defined 
by. 
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2 2mE k =-2-
tz 
Equation 5-7 
2 2m( ) K = t;2 Vo - E 
Equation 5-8 
Thus from a solution to k we may derive the confined energy E. For even solutions 
eliminating K and E in and expressing Equation 5-1 gives. 
e;:) -(z:) 
tan(e) = ~-2-e--
L 
Equation 5-9 
Where e=kL/2. The solutions to this may be seen graphically fig(1). The solutions occur 
at the intersections of tan(e) with the function on the RHS. of Equation 5-9. These 
solutions must occur in the range where tan(e) is positive or n1t<e«n+ 1I2)1t. The total 
number of solutions that are contained in the well fall in the range of theta values for 
which the RHS of Equation 5-9 is positive. A similar result can be obtained for odd 
solutions. The intersection between the LHS and RHS of Equation 5-9 was determined 
by using a numerical bisection method. 
5.4 THE LASER STRUCTURES 
All the lasers used in this study were nominally identical in structure and composition 
apart from the composition of the single QW. The compositions of the SCH and layer 
widths of the cladding, barriers and QW were the same in each device. This allows us to 
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RHS Equation (5-9 ) 
8 etc. 
E~ 
E3 
E2 
El 
LHS . Equation(5-9 ) 
Fig(l) illustrates the graphical solution to find the confined states in a finite quantum 
well. In practice the solution was found using a numerical bisection method. For 
simplicity the well was considered to be square with a depth defined by the band offset 
ratio between the barriers and the well layers. 
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correlate the variation of threshold current from laser to laser with the incremental 
variation of the QW material composition. 
The lasers were 50!lm oxide stripes, 500!lm long with A/2 Al20 3 coated facets. Each 
device had a nominally identical SCH grown on an 001 orientated GaAs substrate by 
MOVPE in a PLANET reactor, [96], by Carl van der Poel, Philips Eindoven, [94]. The 
overall laser structure is illustrated in fig(2). 
The different strains and lasing wavelengths of the devices are given below. 
Strain (0/0) -ve tensile, +ve Lasing Wavelength (run) Composition 
compressIve 
-1.00 749 0.290, phosphorous 
-0.82 769 0.238, phosphorous 
-0.68 767 0.197, phosphorous 
-0.51 784 0.148, phosphorous 
-0.30 802 0.087, phosphorous 
-0.13 822 0.038, phosphorous 
0.00 847 0.00, phosphorous or indium 
0.22 866 0.032, indium 
OAI 890 0.059, indium 
0.69 915 0.099, indium 
0.90 946 0.130, indium 
1.18 974 0.170, indium 
The compositions refer to the fraction of either phosphorus or indium added to the 
unstrained GaAs QW. Only the maximum compositions 29% phosphorus and 17% 
indium were supplied by the growers whilst all the strains were measured by X-ray 
diffraction [94]. Therefore the intermediate compositions were linearly interpolated 
from the maximum compositions using Vergard's law [104]. 
The cladding and barrier regions of the SCH were formed from differing alloys of 
AIGaAs. Fig(3) shows the variation of bandgap of AlxGa1_xAs with Al composition x. 
From this we may see that the 1140A Alo.3Gao.7As barrier layers fall below the 
direct/indirect bandgap r -X cross over at x=OA. Conversely the l.4!lm, Alo.sGa1-O ,As, 
cladding layers fall above this point and are indirect with X being the lowest lying band 
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Fig(2a) Shows the widths and thicknesses , compositions and doping densities of the 
constituent layers of the lasers used in this thesis. Fig(2b) Shows the bandgaps, band 
offset ratios and positions of the satellite minima of each of the constituent layers . The 
bandgap of the Alo.JG~.7As barrier layer is direct whilst the bandgap Alo.5G~.5As 
cladding layer is indirect. The position of the X-minimum will be shown to be 
important in the operating characteristics of these lasers, chapter 6. 
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Fig (4) Shows the variation o f the bandsap and lattice con stant as various binar:; 
se mico nduc tors are al loyed together. In these lasers AIGaAs laye rs are used In he 
barriers and c ladding regions . These byers remai n closely lattice matched to the GaA :-. 
substrate and therefo re un strained over ~hc e r~in~ (omposition range betvveen GaA ::, 
and AlAs. However the bandgap may be va ried with composition to form an efkcti\e 
heterobarrier. The add ition o r' phosphorus or Indium to a GaAs quantum wel l ch..ln --=- e:-> 
the bandgap and varies the lattice consur.; with respect to the substrate. Thi . ..lllo\\." 
the lasin g wavelength to be shifted wit h composition \vhilst incorror~l()n~ lh~ 
bcndicial effects o r' co mpress ive or tensile str~ijn into the ~lCtlVC l~lyer 
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edge. As AlxGal_xAs is closely lattice matched to GaAs (the substrate material) these 
layers may be considered unstrained. Fig(3) illustrates the limit at which the Al,Gal_x_-\s 
cladding can form an effective heterobarrier with which to confine carriers in the acti\"e 
region. This subject is expanded on in chapter 6. 
The N-type cladding layer is doped to 5xI0 17cm-3 with Si and the P-type cladding layer 
is doped to IxI018cm-3 with Zn. The barrier and well regions are nominally undoped. 
The simplicity of these laser structures is advantageous from the point of view of this 
research. Sophisticated device structures which act to confine carriers within a well 
defined active region, such as those described in the introduction section l.1.5, may add 
extra complications in analysing experimental results. In the absence of any extra 
contributory factors we may consider that we are looking at the lasing properties of the 
material only rather than any improvements that stem from the laser architecture. 
However, though the current densities needed to pump these lasers to threshold may be 
comparable to other devices, the magnitude of the threshold current may be larger than 
other designs as these lasers do not have sophisticated structures for current and optical 
mode confinement. 
5.5 TENSILE STRAIN 
Between 0 and 29% phosphorus was incrementally added to an unstrained GaAs QW. 
The reSUlting increase in bandgap acted to shorten the lasing wavelength from 847 to 
749nm. The lattice constant of the GaAsP is smaller than that of the GaAs substrate and 
therefore forced to grow under biaxial tension in the plane of the QW, as the layer 
adopts the larger lattice constant of the substrate. This distortion leads to a reduction, 
through Poisson's ratio, in the lattice constant in the growth direction. The increase in 
bandgap and the reduction of the lattice constant with phosphorus concentration is 
shown fig( 4). 
To a first approximation the bandgap discontinuity between the barrier and QW material 
was considered to form a square potential well, the depth of which is defined by the 
band offset ratio between the two materials. This was calculated using model solid 
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Fig(5) Shows the calculated variation of the quantum well EI-HH(z) and EI-LHCz) 
transition energies as a function of tensile strain for a 90A GaAst_:l:P jAlo3GClo.7As x:O-
0.29 single quantum well. The addition of phosphorus to GaAs acts to reduce the 
lattice constant with respect to the GaAs substrate, thereby incorporating tensile strain 
into the active layer. Tensile strain acts to reduce the HH(z) confined state with respect 
to the LHCz). This first pushes the valence band quantum well into degeneracy at 
around 0.2% tensile strain and then forces the HHCz) state below the LH(z) state. The 
calculated transition energy closely follows the transition energy measured from the 
lasing wavelength. 
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theory section 5.1 The optical transition energy was then calculated from the bandgap of 
the QW material plus the offsets of the CB and VB quantum confined states, using the 
method in section 5.3. The effective masses were derived from strain compensated 
Luttinger parameters, linearly interpolating between the two binary materials GaAs and 
GaP fonning the QW calculated in a model developed by Meney [105]. The calculated 
variation of the E1-HH(z) 1 and E 1-LH(z) 1 transition energies as a function of strain are 
shown for the 90A GaAsxP1-i Alo.3Gal-O.7As quantum well, fig(5). 
The calculated transition energies are in close agreement with the measured photon 
energy at the lasing wavelength. This is expected as the carrier population is greatest at 
the band edge in a QW due to the step like DOS. Thus the band edge population reaches 
population inversion first via the Bernard Duraffourg condition [5]. The shift in the E 1-
HH(z)1 and E1-LH(z)1 transition energies follow the shifts in the VB states under 
tensile strain described in section 2.2.4.2. In the unstrained GaAs QW the E1-HH(z)1 
transition energy is smaller than the E1-LH(z)1 transition due to the deeper quantum 
confinement of the HH(z) states. The transition energies approach each other with 
increasing strain and become equal at 0.2% tensile strain. Further increase in tensile 
strain results in the E1-LH(z) 1 transition being less than the E1-HH(z)1 transition 
energy as tensile strain reduces the HH band with respect to the LH. The photon energy 
at the lasing wavelength appears to follow the smallest transition energy. 
5.6 COMPRESSIVE STRAIN 
Between 0 and 17% indium was incrementally added to a GaAs QW. This can be seen 
to increase the lasing wavelength from 847 to 974nm, mainly through the reduction of 
the fundamental bandgap. This also incorporates compressive strain into the QW. The 
increase in lattice constant and the decrease in bandgap with indium concentration is 
shown in fig(4). Compressive strain acts to increase the energy of the LH band with 
respect to the HH band thus augmenting the difference between the HH(z) and LH(z) 
quantum confined states. Fig(6) shows the calculated transition energies for the II\Ga I _ 
xAs/ AloJGal_o7As quantum well that form the basis of these lasers. This time there 
appears to be a discrepancy between the calculated transition energies and the measured 
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Fig(6) Shows the calculated transition energy as a function of compressive strain for a 
90A InxGal_xAs/Alo,3Gao,7As x:O-O.17 single quantum well. The addition of indium to 
GaAs reduces the fundamental bandgap and increases the lattice constant. This acts to 
reduce the fundamental transition and incorporate compressive strain in the layer. 
Compressive strain acts to shift the HH(z) with respect to the LH(z) state in the 
opposite sense to tensile strain. The HH(z) and LH(z) states are pushed away from 
each other with the EI-LH(z) being the fundamental well transition. Two bandgap 
bowing parameters, O.38eV and O.6IeV, are commonly found in the literature for the 
InGaAs material system. For these lasers better agreement between the measured 
optical transition energy at the lasing wavelength and the calculated transition energy 
can be found by using a bowing parameter of O.6IeV rather than O.38eV. 
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photon energies at the lasing wavelength if the bowing parameter for II\Gal_,As used b\' 
Kriijn of 0.38eV is used. However better agreement can be found if the bowin" 
parameter used by Carl van der Poe I of 0.61 e V is used. The significance of the 
difference III these bowing parameters IS unclear. The low temperature 
photoluminescence measured by Kirby et al [106] in Il1o.12Gao.ssAs/GaAs QW is better 
described by the Krijin bowing parameter 0.38eV rather than 0.61eV. This is also true of 
the range Il1o.2Gao.sAs/ AlxGal_xAs of structures given by Hosea and Lancefield [107J 
and GaAslInGaAs structures grown by Marzin et al [18]. On going work of this 
department by Rowlands [109] on IllxGal_xAslInP which address tensile-strained rather 
than the previously compressively strained IllxGal_xAs is also described by the 0.38eV 
bowing parameter. The bulk bandgap of IllxGal_xAs measured by various technique and 
analysed by Schulze et al [97] is better fitted with the 0.61eV bowing parameter. This is 
also true of the data presented in Landholt & Bornstein [110]. It is interesting to 
speculate on the origin of this discrepancy. The ratio of these bowing parameters is 1.6, 
greater than expected from the experimental error. This implies that there is some 
physical difference between the samples presented here even though they are based on 
the same material system. Both Schulze et al and Berolo et al [97,98] state that the 
introduction of a disordering tenn to their virtual crystal calculations of thebandgaps in 
IllxGal_xAs was necessary to fit the data. If this discrepancy were due to some physical 
effect rather than parameterization then some correlation between this and the 
anomalously high threshold currents measured in these compressive devices may be 
expected. Further work to resolve this issue would be necessary. 
5.7 MATERIAL QUALITY 
Poor material quality tends to have an adverse effect on the operating perfonnance of 
semiconductor lasers. Crystallographic defect sites, misfit dislocations and contaminants 
can all act as centres for nonradiative recombination, which will reduce the quantum 
efficiency of an electroluminescent device. In these lasers in particular the Al in the 
AIGaAs cladding and barrier layers is well known to be subject to oxidation during 
growth [70,71], which tends to generate inter band gap electron traps[70] which fa\'our 
nonradiative Shockley, Read, Hall recombination processes [68,69]. 
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Here we attempt to assess the growth quality of the material by calculating the well 
strain, and transition energies from the basic material parameters. The strain in the Q\\" 
was measured [94], by x-ray diffraction. It should be possible to calculate these strains 
using the compositional data supplied for each laser. Through Vergard's law, [104], 
strain is expected to be linearly related to composition. The In mole fraction was varied 
between 0 and 17% whilst the phosphorus mole fraction was varied between 0 and 29% 
during the growth of the well. The calculated QW strain agrees well with the values 
measured by X-ray diffraction, suggesting that the layers are at least compositionally 
correct. Furthennore it has already been shown that the calculated QW transition energy 
is close to the measured photon energy at the lasing wavelength, if the appropriate 
bowing parameter is used. Variation in the QW width would tend to shift the lasing 
transition away from the calculated values for our 90A QW. However no significant 
variation in lasing wavelength or threshold current was observed over batches of 10 of 
each strain that were fabricated. 
5.8 STRAIN RELAXATION 
When the energy stored through strain exceeds that needed to nucleate misfit 
dislocations the strain relaxes fonning defects. These defects have been shown to 
increase the threshold current of a semiconductor laser [71]. If the strain does not exceed 
this value then the layer will remain stable and not relax. The strain energy stored in the 
layer increases with layer thickness. Therefore a critical strain thickness product may be 
defined which should not be exceeded in order to maintain good strained material, 
fig(7). The strain thickness product may be calculated by the method of Matthews and 
Blakeslee [62] or by People and Bean [63] and is typically of the order of 150-200A% 
but a very large uncertainty. The critical thicknesses of the GaAs/GaAsP and 
GaAslInGaAs material systems have been studied experimentally. Fox and Jesser [99] 
have measured a strain thickness product of 559A% using transmission electron 
microscopy (TEM). Their value exceeds the expected value of 78A % using a Matthews 
and Blakeslee force-balance calculation but this discrepancy may be due to 
incorporating extra frictional forces into the force-balance model. 
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Energy to Form Dislocations 
Energy stored in strain 
Layer Thickness 
Fig(7) Illustrates the conditions under which strain relaxation in the quantum well can 
occur. For a given strain the energy stored in the strained lattice increases linearly with 
layer thickness. As the critical thickness is reached when this energy will equal that 
needed to form misfit dislocations. Above this citical thickness strain will relax in the 
fonn of misfit dislocations. These misfit dislocation act as nonradiative recombination 
centres, which will reduce the quantum efficiency of an optoelectronic device. 
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Fig(8a) shows the critical thickness of GaAs1_:(p\ grown on a GaAs substrate calculated 
by the method of Matthews and Blakeslee and People and Bean, The stars show the 
samples measured by Soga et al [100] by TEM. Their results indicate the onset of 
lattice relaxation as the People and Bean limit is crossed. Strain thickness products 
larger than the Matthews and Blakeslee calculation have been measured for the same 
material system by Fox and Jesser [99]. The data from Soga et al also suggests that the 
strain thickness product of the most phosphorus rich tensile strain samples in this 
thesis, :<=29% in a 90A quantum well. is not exceed. However the .\Iatthe\vs and 
Blakeslee limit is exceeded. Fig(8b) shows the strain thickness product for fn\Gal'\'--\~ 
grown on GaAs from Wang and Groves [[ -1-1]. The strain thickness product of the 
most fndium rich compressively strained sample 'lsed in this thesis,x= 17% in a 90A 
quantum well. is not exceeu. Therefore fnGa.--\s quantum wells in this thesis can be 
assumeu to be unrelaxeu. 
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Fig(9) Illustrates the reflection of the optical field at one of the IJ2 Al20) coated facets. 
The reflectivity of a given facet is dependent on the refractive index of the laser 
medium, the layer, the external environment and the thickness of the layer. At a 
thickness of IJ2, the reflectivity becomes independent of the refractive index of the 
layer material. The use of such a coating in these lasers is to provide a protective 
capping layer between the external environment and the laser material rather than to 
enhance the facet reflectivity. 
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This larger strain thickness value is also supported by TEM measurements of Soga et al 
[100], shown in fig(8a). The thickness of the TEM fringe increased as their samples. 
shown as stars, crossed a critical thickness equivalent to 4000A %, in good agreement 
with People and Bean but again greater than the Matthews and Blakeslee calculation. 
This was interpreted in terms of lattice relaxation at the GaAsP/GaAs interface. This 
experimental data suggests the strain thickness product of GaAsP layers on GaAs is 
better described by the People and Bean calculation. This maximum strain thickness 
product in the tensile strained lasers used in this work is 90A %, i.e. well below the 
critical levels shown by all but People and Bean. However, as will be shown below, our 
device characteristics may be explained by a model with negligible dislocations for all 
samples. The temperature and pressure dependence of the threshold current measured in 
chapter 6 could not be explained in terms of strain relaxation of the QW. 
Fig(8b) shows the Matthews and Blakeslee curve for InGaAs on GaAs calculated by 
Wang and Groves [141]. This time the maximum compressive strain of our samples 
(l.18% for a 90A QW - 100 A%) falls inside the Matthews and Blakeslee limit 
(-250A%) suggesting that these lasers are also unrelaxed. 
5.9 FACET COATINGS 
The use of thin layers of material to increase the reflectivity of the facet and reduce the 
mirror losses in the laser is common. Analysis of the reflectivity of such a layer in terms 
of its composition and thickness has been presented by numerous Authors, [111]. The 
reflectivity of a layer, for normal incidence, is given by. 
R = (nl -n~)n; cos5+i(nln~ _n;2 )sino 
(n, +n~)n; cos5+i(n,n~ +n;2)sinO 
Equation 5-10 
Here, n l is the refractive index of the substrate, n', is the refractive index of the layer. n\ 
is the refractive index of the external environment,. and 8, is the phase lag of the optical 
wave after propagating across the thickness of the film. If the thickness of the film is 
made equal to half the wavelength then, 8=1t, and the reflectivity of the film reduces to. 
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Equation 5-11 
At this thickness the reflectivity of the film becomes independent of the refractive index 
of the film. This is the case in these lasers and hence the ')J2 A120 3, coatings serve only 
as protective capping layers rather than acting to increase the facet reflectivity of the 
lasers. 
5.10 SUMMARY 
In this chapter the overall structure of these lasers has been described. These devices 
are all single quantum well GaAsP/AIGaAs or InGaAs/AIGaAs lasers grown on an 
001 orientated GaAs substrates. Each laser has a 50~m oxide stripe contact and A/2 
Al20 3 coated facets. Attention has focused on the variation of the bandstructure from 
laser to laser as all these devices differ only by an incremental variation in the 
composition of the quantum well, whilst the composition and structure of the barrier, 
cladding and substrate are nominally identical. Thus any measured variation in 
performance from device to device, such as the threshold current, may be correlated 
with this incremental variation in composition and bandstructure. 
The GaAsP and InGaAs material systems provide a convenient way of tuning the 
lasing wavelength in the near infrared region 0.980-0.749~m, whilst incorporating the 
beneficial effects of strain into the active layer of the devices. Thus the addition of 
phosphorus to a GaAs QW acts to shorten the lasing wavelength, incorporating tensile 
strain into the QW, whilst the addition of indium increases the lasing wavelength and 
incorporates compressive strain into the QW. 
Calculations of the strain and fundamental QW transition energy m the GaAsP 
material system closely agree with the layer strain measured through x-ray diffraction 
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and the measured transition energy at the lasing wavelength respectively. The 
calculations show that the Confined HH and LH states in the Q W become degenerate 
at a tensile strain of -0.2%. The large valence band density of states that results from 
degeneracy may be correlated with the observed maximum of threshold current 
, 
below (chapter 6), at 0.2% tensile strain. 
The strain can be predicted to the same degree of accuracy in the compressively 
strained InGaAs material system. However the transition energy at the la,sing 
wavelength is better predicted using a bandgap bowing parameter of 0.61eV[94] 
rather than 0.38eV [96]. Similar calculations on number of example quantum well 
systems, [106-109], has shown that the choice of bowing parameter is dependent on 
the system under examination. The ratio of these two parameters, 1.6, is greater than 
expected from the experimental error, implying a physical difference between the 
samples measured even though they are based on the same material system. A 
possible candidate could be alloy ordering effects in the InGaAs layer that have been 
seen to shift the fundamental bandgap [97,98]. 
A fall in quantum efficiency of a laser may arise from strain relaxation effects if the 
critical strain thickness product of the quantum well material of the active layer is 
exceeded. Any rise in threshold current towards high strains may be associated with 
these strain relaxation effects. The strain thickness product and calculated for InGaAs 
[141]. The results suggest that the maximum strain achieved in both the tensile and 
compressive regimes for these 90A quantum wells comfortably below the calculated 
strain thickness product in either case. Therefore it can be assumed that these devices 
are free of the detrimental effects of strain relaxed layers. 
It has also been shown that the 'A/2 Al20 3 facet coatings serve only as protective 
capping layers rather than enhancing the facet reflectivity. This arises because the 
reflectivity of a single layer reflective coating becomes independent of the refractive 
index of the layer material, A120 3, at a thickness of 'A/2. The facet reflectivity becomes 
a function of the refractive index step between the laser and the external atmosphere 
identical to that expected from a laser without facet coatings. Thus a change in the 
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external medium in which the laser is operated may be modelled in terms in terms of 
the change in the refractive index of that medium alone. This simplifies the modelling 
of the behaviour of these lasers in the liquid pressure medium, assuming that the shift 
in the lasing wavelength with pressure is small percentage of the starting wavelength. 
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CHAPTER 6 
INFLUENCE OF CARRIER LEAKAGE ON 
THRESHOLD CURRENT OF TENSILE-
STRAINED GaAsP/AIGaAs 
6. INTRODUCTION 
The GaAsl AIGaAs material system is closely latticed matched and has been widelv 
used for the production of lasers diodes. The formation of a GaAsP quantum well 
active region by the addition of phosphorous to GaAs provides a convenient method 
for moving to shorter operating wavelengths. This also has the effect of 
incorporating tensile strain which can be beneficial III increasing the radiati\'e 
efficiency and reducing the threshold current [112]. 
In this chapter the senes of tensile-strained GaAsPI AIGaAs single-quantum-well 
lasers are studied. It is again stressed that these devices differ from one another only 
by an incremental change in phosphorous composition in the QW. Since the 
dimensions and compositions of the substrate, barrier and cladding regions remain 
identical, a direct correlation of the observed variation of threshold current with just 
the band structure of the QW may be made. 
As phosphorous is added to the initially unstrained GaAs QW. the threshold current is 
seen to first increase between 0 and 0.20/0 tensile strain and then fall from 0.2 to 
0.51 % tensile strain. This is associated with the effects with tensile strain increasing 
the energy of the LH(z) band with respect to the HH(z). ultimately reversing the 
splitting of the valence band degeneracy imposed through pure quantum continement 
in the unstrained well. The maximum in the threshold current. observed at -0,2% 
tensile strain, coincides with the strain calculated at which the degeneracy of the 
valence band is re-established (Section 5,5). This is consistent with the expectation 
that the degenerate \'alence band structure would maximise threshold carrier densit\ 
and so maximise the threshold current. Beyond 0.51 % tensile strain (1-1..8') tl 
phosphorous concentration) the threshold current begins to increase again. Tensile 
strain by itself would be expected to continue splitting of the valence bands and 
augment the TM gain characteristics. thereby reducing the threshold current still 
further. The temperature dependence of the threshold CUITent is also seen to increase 
in the lasers in this strain range. A fUI1her increase in threshold current in these 
devices can be induced by the application of externally applied hydrostatic pressure. 
Such an increase with temperature and pressure in InGaAIP visible lasers has been 
interpreted previously [1 13] as evidence that the threshold current of these lasers is 
becoming dominated by a leakage current of electrons escaping via the X-minimum 
into the p-doped cladding region of these devices. It will be seen that a similar 
conclusion can be drawn for the lasers studied here. This view is supported by the 
observation of the reversible loss of lasing at a pressure 6kbar, the pressure where r-
X crossover occurs and the Alo :;G~)7As barrier region becomes indirect. 
6.1 VARIATION OF THRESHOLD CURRENT WITH 
STRAIN 
In the previous chapter it was shown that the effect of incorporating phosphorus into a 
GaAs quantum well was to increase tensile strain and shorten the lasing wavelength. 
Fig( 1) shows the variation of threshold current with tensile strain as phosphorus is 
incorporated into the QW. The maximum in the threshold current at 0.2% tensile strain 
coincides with the calculated strain at which the QW becomes degenerate at the 
HH(z)/LH(z) crossover (Section 5.5). This crossover point has been demonstrated 
through measurements of the TE and TM photoluminescence in nominally identical Q\\' 
structures [94]. This is the point at which the valence band DOS is most different from 
that of the conduction band. Thus the transparency carrier density is likely to be at a 
maximum leading to a maximum in the threshold current (Section 2.11). Reducing the 
strain from 0.2 to 0% the deepest confined \'cdcnce band state becomes HH(z)-like. The 
in-plane dispersion makes the DOS LH(:\.y)-like thus the DOS approaches that or the 
conduction band and the transparency carrier density is reduced. :\Iso (Section 2.12) an 
4500 
1500 
500 
'f' 
Threshold Current Density vs. Tensile Strain 
~1-YPy (Y:O-O.29) / AlGah Lasers 
A 
\ 
\ 
, 
, 
'f' /'f' ~'f' 
---
lOOK 
-e--250K 
• 300K 
'f'- 330K 
.. 365K 
\. 
e~ 
__ e 
-1.0 -D.8 -D.6 -DA -Dl 0.0 
Strain (%) 
Fig(1) Shows the isotherms of threshold current as a function of strain. The threshold 
current tends toward a maximum at the HHlLH crossover at 0.2% strain. The increase 
in threshold current and the divergence of the isotherms at strains in excess of 0.51 % 
are indicative of the onset of an extra strain and temperature dependent nonradiative 
component to the threshold current. 
enhancement of the TE gain and the suppression of the TM gain can be ex.pected \\hich 
also contributes to the reduction in the threshold cun·ent. A smaller reduction in the 
valence band DOS is expected as the strain is increased beyond 0.2% as the deepest 
confined state is now LH(z) making the DOS govemed by the HH(x.y) effecti\'e mass. 
However the enhancement of the TM gain as the tensile strain is increased is stronger 
than the enhancement of the TE gain as the tensile strain is reduced passed the point of 
valance band degeneracy. Thus an initial reduction in the threshold current is seen as 
tensile strain is increased. 
The threshold current is seen to increase rapidly as the strain is increased further than 
0.51 %. This is not explicable in terms of the modification of the valence band due to the 
effects of tensile strain. Also, the isothenns of threshold current are seen to diverge past 
this strain. This is indicative of the presence of some extra. more temperature sensiti\e. 
non-radiative component to the threshold current. It is identification of this non-radiati\'e 
current that is the objective of the work presented here and unless otherwise stated it 
should be assumed that we are referring to devices with tensile strains equal or greater 
than 0.510/0. 
6.2 VARIATION OF THRESHOLD CURRENT WITH 
TEMPERA TURE 
The variation of threshold current with temperature has been measured from 77-360K 
for the 0.680/0,0.820/0 and 1.000/0 tensile strained lasers and the results are presented in 
fig(2). At temperatures, -77-250K, a gentle linear increase of the threshold current with 
temperature is observed. Beyond 250K a superlinear increase in threshold current with 
temperature is seen, indicative of the onset of an extra, thermally activated contribution 
to the threshold current. A similar behaviour has already been seen pre\'iously 
[114,115]. 
The initial linear temperature dependence of the threshold current is ex.plicable by the 
expected temperature dependence of an ideal QW laser. In the absence of other 11011-
radiative recombination mechanisms all injected carriers will recombine radiati\el~ in 
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Fig(2) Shows the temperature dependence of the three most tensile-strained lasers. 
The threshold current tends towards a linear variation with temperature below - 250K 
as expected from theory. This trend may be used to find the excess current indicative 
of an extra thermally activated, nonradiative component to the threshold current. 
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Fig(3) An Arrehenius plot of the excess current, fig(2), shows the linear behaviour 
indicative of an exponentially activated process. The activation energy derived from 
the slope of the curve is -300meV. We estimate that this corresponds to the position 
of the electron quasi-Fenni level from the cladding band edge. This suggests that poor 
carrier confinement within the laser heterostructure may be responsible for the 
observed strain and temperature dependence of the threshold current. 
the QW. Equation (2.6-2) shows that the radiative component of the threshold CUn-eIH 
can vary as the square of the can-ier density. The temperature dependence ha" two 
components. The coefficient of radiative recombination decreases as liT [116] in a ideal 
QW, whereas the catTier density will increase in proportion to the density of state~ 
which is in tum proportional to the temperature in a QW. Therefore the temperature 
dependence of the radiative component of the threshold current may be expressed as. 
I(rad)aT 
Equation 6-\ 
With this good agreement between experiment and theory we may assume that the 
radiative current continues to increase linearly at higher temperatures, as indicated by 
the extrapolations shown in fig(2), and address the cause of the extra excess threshold 
current. 
This excess current is displayed on an Arrhenius plot in fig(3) The linear behaviour IS 
characteristic of an exponentially activated process of the form, 
I( excess)-exp( -L.\E/kT). Within experimental accuracy the slopes for the 1.00%, 0.82% 
and 0.68% tensile strained lasers are equal and correspond to an activation energy 
300meV. 
6.3 LEAKAGE CURRENT 
The concept of a leakage current will be presented below before any attempt is made to 
justify that the previous results may be described in terms of such a leakage current. An 
understanding of the basic process of carrier leakage over the heterobarrier will place the 
tollowing measurements in context. 
Under a given forward bias a certain fraction of the injected c::trrier density \vill have 
energy in excess of the barrier/cladding heterobarrier discontinuity. These c::tn-iers ha\e 
the possibility of leaking into the doped cladding region. where as minority can-iers. 
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they recombine and are lost from the lasing process. The tlu:\ of can'iers appears as an 
extra non-radiative component to the threshold current. The leakage clIrrent is limited tn 
the rate at which the unconfined catTiers can drift and diffuse into the claddl'no ren° I 
= =Ion. n 
the limiting case where the drift component is zero the leakage current. J,It. J11av he 
expressed as [1 1 7]. 
qD N (-~E) 
11./' (c. .. J exp 
\1' kT 
I tanh·· - .~ II." I 
11./' 
Equation 6-2 
Where, q, is the fundamental electronic charge. Dn.p, is the diffusion coefficient for 
electron or holes, In.p , is the diffusion length of the minority carriers in the cladding 
regions, w, is the width of the doped cladding region. Nc.\, is the conduction or \'alance 
band density of states in the cladding region. ~E. is the activation energy of the process. 
k, Boltzmann's constant and T the temperature. It is assumed that the carrier 
concentration falls to zero at the end of the cladding region. 
The exponential Boltzmann's tail term gives the unconfined carrier density above the 
barrier/cladding band offset. Thus the activation energy will be equal to the separation 
of the quasi-Fermi level from the cladding band edge. Under forward bias, the flat band 
condition is approached and the diffusion limited case is assumed in our structures. 
The variation of the threshold current with both temperature and strain may be 
understood in term of the leakage currents. The addition of phosphorus to GaAs not only 
incorporates tensile strain into the QW. but increases the lasing transition energy. as the 
bandgap of GaAsP is greater than that of GaAs. In these lasers the bandgap of the Q\\' 
material. which varies from laser to laser. approaches that of the barrier. which is 
identical in each laser. The QW become shallower with strain. The quasi-Fermi level 
separation at transparency will follow the increase in transition energy with strain. Thus 
the quasi-Fermi levels will also tend to approach the band edges in the material 
surrounding the QW leading to a popUlation of carriers outside the QW. The acti\Jtion 
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energy of the leakage process will reduce \\Oith strain and therefore the tractil)n pI 
carriers with energy in excess of the heteroban"ier discontinuity \\ill increase through 
Equation 6-20 Therefore. even though the radiative component of the threshold cun"ent i~ 
expect to fall with strain. the leakage component of the threshold current \\ill be 
expected to increase. The opposite action of these two components may well explain the 
initial fall then rise in the observed threshold cun"ent. 
The temperature dependence of the threshold current may also be explained in tem1S of 
this leakage current. The thermal activation of carriers over the heterobaITier will also 
increase the leakage current. At a sufficiently low temperature a negligibly small 
fraction of the injected caITier population will have energy in excess of the heterobarrier. 
Thus the leakage current can be considered as zero. The temperature dependence of the 
threshold current will be described by the temperature dependence of the radiati\e 
component of the threshold current only. This corresponds to the linear region of the 
threshold current temperature characteristics, fig(2). The rapid increase in threshold 
current with temperature can be described by an exponentially activated process, such as 
that described by Equation 6-2. Thus the measured activation energy, -300meV. should 
correspond to the activation energy in Equation 6-2, the position of the minority carrier 
Fermi level measured from the cladding band edge. 
6.3.1 ESTIMATION OF THE ACTIVATION ENERGY 
The activation energy for the leakage process may be estimated from a knowledge of the 
quasi-Fermi level positions in the laser structure under forward bias. As discussed 
previously in chapter 3. the splitting of the quasi-Fermi levels in the intrinsic active 
regions can be found from the threshold voltage. The threshold voltage is expected to be 
of the order of the lasing photon energy through the Bernard-Duraffourg transparency 
conditions. This is retlected in the IV curve for the 0.82% tensile-strained laser is sho\\n 
in tig(7), chapter -t. After eliminating the effects of parasitic series resistance the 
threshold voltage tends to pin at 1.635V. The lasing photon energy at the \v;'1\elength or 
this device is 1.629 eV. Thus the quasi-Fermi level splitting at threshold is in line \\ith 
expectation. Assuming the quasi-Fel111i le\'e1s are flat across the active reglon~ 
(equivalent to the injected carrier density being invariant OVer this distance) it is possible 
to estimate the position of the quasi-Fel111i level from the cladding band edge in either 
the n or p-type regions. This will give a measure of the population of carriers uncontined 
by the heterobarTier. The position of the electron quasi-Fenni level from the p-type 
cladding band edge can be estimated as follows. 
,\' 6.E, = E ~ - q v,1t - ( F" - E, ) 
Equation 6-3 
A similar expression may be written for the position of the hole quasi-Fermi level from 
the n-type valance band edge. 
Equation 6--+ 
Where, E/ ' is the bandgap to the X minimum in the indirect cladding of these devices 
and q V th• is the threshold voltage in electron volts, equivalent to the quasi-Fermi level 
splitting in the active region of the laser. (F v-EJ is the position of the Fermi level 
relative to the valance band edge, in the p-type cladding region. At room temperature 
the Fermi-level may be considered to be pinned the valence band edge due to the large 
number of ionized acceptors. A similar situation occurs in the n-type region where the 
Fermi level is pinned, (Ec-FJ, from the conduction band edge due to the large number of 
ionized donors. 
For simplicity all the dopants were considered to be ionized. The position of the pinned 
Fermi-level could then be calculated from these fully ionized populations. Due to the 
large number of dopants the exponential Boltzmann's approximation to the Fermi-
Dirac integral was considered to be invalid. The numerical approximation to the Femli-
Dirac integral of Bednarczyk [118] was then used. A numerical bisection method \\as 
applied using this approximation to solve for the Fermi level position for the given 
ionized dopant concentration. 
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Using the bandgap bowing parameters presented in Krijin [96] for the X-minimum in 
Al\Gal_\As. the activation energy of the electron and hole leakage processes \\ere 3()) 
and 260meV respectively. These values are in reasonable agreement \\ith the \'alues of 
the activation energy found in the Arrhenius plot. tig(3) and are in line with values 
expected from our leakage hypothesis. 
6.4 VARIATION OF THRESHOLD CURRENT WITH 
PRESSURE 
Further insight into the behaviour of the threshold current in these devices can be seen 
through the external application of hydrostatic pressure. The direct bandgap at the r 
point in a III-V semiconductor increases with pressure at a rate of ~IOmeV/kbar. whilst 
the indirect bandgap of to the X minimum decreases with pressure at a rate of 
-2me V Ikbar. This means that the indirect bandgaps of the cladding region will decrease 
relative to the direct bandgap of the barrier region. This will reduce the height of the 
potential energy step to the cladding region which confines electrons and holes. 
Therefore an increase of the threshold current with pressure would be expected in these 
lasers if poor carrier confinement is responsible for their observed strain and temperature 
characteristics. [Auger processes tend to become increasingly quenched as the direct 
bandgap increases. A corresponding reduction in threshold current would be expected to 
be observed if Auger recombination were dominating the threshold current.] 
The radiative component of the threshold current will also have some pressure 
dependence. This may be estimated. as has been done previously[ 119] from the rate of 
increase of the direct bandgap with pressure. 
Fig( 4a) and tig( 4b), show the increase in lasing transition energy derived from the 
measured lasing wavelength with pressure. for the 0.82% and 0.68% tensile-strained 
lasers respectively. The linear increase at a rate of 9.76meV/kar and 9.95meV/kbar is in 
accordance with our expected rate of increase in direct bandgap with pressure. Fig()a) 
and tig(5b), shows the increase in threshold current from ambient pressure. for the same 
lasers. We can compare this \vith the increase in radiative current with pressure. 
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Fig(4) Shows the photon energy at the lasing wavelength as a function of pressure.We 
correlate the increase in photon energy mainly to the increase of the direct bandgap of 
the GaAsP QW with pressure. We deduce a pressure coefficient of the direct bandgap 
of GaAsP of 9.8 me Vlkbar. 
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Fig(5) Shows the increase in threshold current, normalised at atmospheric pressure, 
from atmospheric pressure for the 0.82% tensile- strained device. The rate of increase 
of threshold current with pressure is much greater than expected from just the radiative 
current alone. The increase in pressure induces a decrease of the X(cladding)/ (barrier) 
heterobarrier. The resulting increase in threshold current is consistent with the 
conjecture that a leakage current of carriers spilling into the doped cladding regions 
makes a major contribution to the threshold current of these lasers. 
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threshold current with pressure is clearly much greater than that of the radiati\'e 
component of the threshold current. The strong increase in the threshold current \vith 
pressure shows clearly that Auger recombination. which decreases with increasing 
pressure[40], is not a signiticant loss mechanism in these lasers, Howe\'er. such an 
increase can be explained in terms of catTier leakage as described above section 6,3, 
6.S COMPUTER MODEL 
Detailed computer modelling of these devices was undertaken by Meney [76] in 
conjunction with the experimental work presented in this chapter. The obsened changes 
in the threshold current with strain, temperature and pressure were simulated in these 
devices using a techrIique similar to Lundstrom & Shcuelke [82.83], using the 
underlying principle of solving Poisson's equation across the entire laser structure as 
presented in chapter 3, 
The loss mechanisms incorporated into the model were leakage and monomolecular 
processes. These were modelled in a simplified form in order to facilitate the 
understanding of the carrier dynamics in the device, For example, Shockey Read Hall 
[68,69] and interface recombination were lumped together and described in terms of a 
fixed non-radiative recombination lifetime of 15ns for the carriers anywhere in the r 
states in the laser. Carriers populating the satellite minima were assumed to have a 
lifetime twice as long as those popUlating the r states to simplify the etfect phonon 
interactions. This represents a considerable simplification of the problems involved in 
calculations of non-radiative recombination rates. 
The diffusion limited leakage current was then calculated from Equation 6-:2 from the 
knowledge of the carrier density above the barrier/cladding hetrobarrier offset generated 
by the model. The ditfusion parameters are found empirically to be those which gi\'e the 
best tit to the experimental data, The justitication for this is that the obsen'ed variation 
of threshold current with strain temperature and pressure is expected to be described by 
the same process, leakage into the cladding regions and that the structure of the thn:c 
lasers studied here varies. nominally. only in the composition orthe Q\\'. 
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6.6 FITS TO THE EXPERIMENTAL DATA 
Fig(6), shows the tit to the variation of threshold current with strain. As expected the 
leakage cun'ent is seen to increase with tensile strain and dominate the threshold CUITent. 
whilst strain acts to reduce the radiative component. J,aJ,of the threshold CUITent. The 
increase in the non-radiative CUlTent. Jill' with strain arises from the increase in the tot.:i1 
carrier population in the laser divided by the tixed non-radiative lifetime. The ShOl1enillO 
:::-
lasing wavelength with strain means that the quasi-Fermi levels approach the band 
edges in the barrier/cladding regions at threshold and gives rise to the leakage CUITent 
... . 
J11!al.;" The same transpOI1 parameters were used to calculate the ditTusion limited leakage 
current from Equation 6-2. in each laser as the leakage current occurs in a nominalh 
identical region of the laser structure. 
Fig(7), shows the increase in threshold current with temperature for the 1.00% tensile 
laser. Again, the threshold current, above 250K, is seen to be increasingly dominated by 
the leakage current. Below 250K. the leakage current tends to be frozen out and \\1:": 
revert to the radiative regime. Good tits to the same data for the 0.82% and 0.68% 
tensile lasers were also achieved. Again we stress that the same transport parameters 
were used to calculate the diffusion limited leakage current. The linear behaviour of Jrad 
and the exponential J1eak justify our anal ysis of the experimental data in fig(2&3) 
Fig(8), shows the calculated increase in threshold current with pressure for the 0.68% 
tensile laser. The calculations were done before the measurements were made and so 
represent a prediction. A series of curves of different threshold gains. 25. 35 and 45cm· 1 
were generated. The closest match with the measured data occurred for a gain of 45cm' 
I. Extrapolating the calculations to tit the data produced a gain of 47±2 cm- I . This value 
is close the value of 50cm- 1 proposed by Carl van der Poel [94]. The leakage and 
radiative components of the threshold current for this tit are also shown. tig(8). The 
calculated increase in threshold current with pressure for the 0.82% tensile laser is 
clearly better explained by the increase in leakage current rather than the radiative 
current. 
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The model consistently predicts that the electron leakage current is very much ,::re:1tcr 
than the hole leakage current. This is contrary to initial expectations as. \\ith .1 
symmetrical SCH and tlat electron and hole quasi-Femli le\'els across the laser. the 
heterobarrier perceived by electrons and holes should be similar. Also. the majority of 
unconfined electrons reside in the X and L minima of the indirect cladding, The 
mobility of these catTiers are expected to be similar to that of uncontined holes due to 
their similar effective masses. However similar models [120], have shown that the hole 
quasi-Fenni level is not tlat across the SCH. In this reference a rapid change in the hole 
population either side of the QW is mirrored in a lowering of the quasi-Fermi le\'el with 
respect to the valence band edge. This may be interpreted in temlS of efficient trappill,:: 
of holes by the QW, leading to poor transmission of holes across the QW. The lo\verim! 
of the hole quasi-Fermi level with respect to the valance band edge in the cladding 
region will act to increase the activation energy of the leakage process. The hole 
component of the leakage current will therefore be smaller under these conditions. 
The increase in threshold current with pressure has been re-modeled for the 0.68% 
tensile laser, fig(9). This time, however. we have first removed the X-minimum from 
the barrier/well regions and retained the L-minimum and visa-versa. The previous 
good fit to the data was maintained with the absence of the L-minimum and keeping 
only the X-minimum, but lost with the removal of the X-minimum whilst retaining 
the L-minimum. This suggests that electron carrier transport through the X-minimum 
governs the leakage process. The valence band, as perceived by holes, was 
unaffected by these operations. This view was further supported by the observation of 
the reversible loss of lasing at 6kbar. in our 15kbar rig, in both samples tested. This 
pressure corresponds to the point at which the AI(),Gao7As barrier region becomes 
indirect at the r -X conduction band crossover. tig( 1 0). 
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Fig( 6) Shows the calculated threshold current density as a function of strain in 
comparison to the measured values. Also shown are the radiative, nonradiative and 
leakage components of the threshold current. The electron mobility and diffusion 
length in the X-minima of the p-type cladding used to calculate the leakage current are 
shown. A fixed nonradiative lifetime of 15nsec were used for carriers anywhere in the 
minima and 30nsec for the X minima were used for simplicity. The threshold gain 
varied between 41 to 55cm- 1 as a function of strain. The increase in leakage current 
density with strain follows the observed increase in threshold current density with 
strain. 
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Fig(7) Shows the calculated threshold current density as a function of temperature for 
the 1.00% tensile laser. Again the radiative, nonradiative and leakage components of 
the threshold current density are shown. These were calculated from the same 
parameters as before, fig(6). The rapid increase in the threshold current density is 
clearly mirrored in the increase in leakage current density with temperature. 
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Fig(8) Shows the calculated increase in threshold current density and with pressure, in 
comparison with measured values for the 0.68% tensile-strained laser. The same 
parameters were used as in fig(6&7). The threshold current densities were calculated 
by treating the pressure invariant threshold gain as a fitting parameter which was found 
to be 47cm- 1. The leakage component of the threshold current increases more rapidly 
and then eventually dominates the radiative and nonradiative components of the 
threshold current combined. 
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Fig(9) Shows the previous data, fig(8), remodelled at a pressure invariant gain of 
45cm- 1. First the ·X-minima ·was removed and the L-minima retained in the well/ 
barrier region and then visa versa. It is clear that the presence of the X-minima in the 
well/barrier region is needed to describe the data while the L-minima has a negligible 
effect. 
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Fig(10) Shows the calculated HH and LH bandgaps of the AlO.3Gao..7As barrie~ 
region as a function of pressure. We correlate the reversible loss of lasing at 6kbar in 
both the 0.68% and 0.82% lasers with the barrier regions going indirect at the r-x 
crossover. This is further evidence that the presence of the X-minima in the barriers 
region plays an important role in the carrier leakage process. 
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6.7 SUMMARY AND CONCLUSIONS 
In this chapter a study of a range of tensile-strained GaAsP/ AIGaAs lasers operatinQ 
between 847 -7 49nm has been presented. Measurements of the variation of threshold 
CUiTent with strain, temperature and pressure have been presented as good empirical 
evidence for the same dominating process, a leakage current of unconfined carriers 
flowing into the cladding regions. This conclusion has been further supported by a 
computer model which has consistently generated good fits to all the observed data. 
using the same transport parameters for the leakage current. These parameters \vere 
expected to be invariant from device to device. 
The computer model has consistently demonstrated that the leakage current was 
dominated by electrons flowing into the X-minimum of the indirect cladding. Re-
modelling the data with first the X-minimum and then the L-minimum absent from the 
barrier/well region showed that the presence of the X-minimum and not the L-minimum 
was necessary to maintain a fit to the data. It is therefore concluded that the electron 
current flowing through the X-minimum of the device governs the magnitude of the 
leakage current. A consistent, reversible loss of lasing for two different devices at 6kbar 
has also been observed. This pressure corresponds to the point where the barrier regions 
become indirect at the r-x crossover. 
Previous work has concentrated on explaining the leakage process in terms of the 
thermal activation of carriers over the heterobarriers at the barrier/cladding interface. 
The work presented here extends this view and shows that carrier flow across the SCH 
region also plays an important role in governing the magnitude of the threshold current. 
This shows that other considerations have to be made in optimising the design of the 
SCH region to minimise the deleterious effects of leakage currents. A compromise 
between maximising the heterbarrier height and maximising the f-X splitting in the 
barrier has to be made as one falls at the expense of the other. This sets a fundamental 
limit of the effectiveness of the AIGaAs material system to form an etfecti\'e 
heterobarrier to confine the injected carrier population within the acti\e region of the 
laser. 
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CHAPTER 7 
COMPRESSIVE LASERS 
7. INTRODUCTION 
The results gained from the study of the tensile strained GaAsP lasers may be applied to 
the study the compressive InGaAs devices. This is because laser varies only by an 
incremental change in the QW composition, thus any change in the threshold current 
can be con'elated to this change in composition. It has been demonstrated in, chapter 6. 
that shortening the lasing wavelength by introducing phosphorus into a GaAs quantum 
well induces a leakage current of unconfined carriers diffusing into the cladding regions. 
This arises from the increased carrier concentration that resides outside the QW as the 
QW become shallower relative to the Al GaAs separate confinement heterostructure. 
Thus the shorter wavelength GaAsP devices will suffer more from these leakage 
currents. The addition of Indium to a GaAs quantum well has the opposite effect to the 
addition of phosphorus as it makes the QW deeper relative to Al GaAs separate 
confinement heterostructure. Therefore the leakage current, already low in the low 
strained tensile devices, would be expected to be reduced still further or even become 
negligible in these compressive lasers. As discussed in chapter 1, other non-radiative 
recombination loss processes, shown to be important in long wavelength lasers. are not 
thought to be important in these devices. Auger recombination processes are also 
expected to be quenched at the bandgap equivalent to the lasing wavelength of these 
compressive lasers. Therefore these devices are expected to approach ideality, as our 
two wavelength dependent loss processes, Auger and leakage, should be minimised. 
In this chapter this hypothesis is tested in a range of InGaAs single quantum well lasers. 
The threshold current of these devices was calculated on the basis of this ideal 
behaviour. However the calculated variation of the threshold current with strain did not 
follow the observed strain and temperature dependence of the threshold current in these 
lasers. In the absence of Auger and leakage processes. the magnitude of the calculated 
threshold current and its temperature dependence was signiticantly less than the 
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observed characteristics. Monomolecular non-radiative processes \vere also considered. 
Crystallographic defects can act a centres of non-radiati\e recombination which \\ould 
compete with any radiative processes occurring in the laser. The aluminium in the SCH 
is susceptible to oxidation during growth producing a well known non-radiative defect 
centre. These could occur in poorly fabricated devices. Such defects would be expected 
to occur randomly across a batch of samples. HO\vever the consistent strain and 
temperature dependence across a large batch of samples was not in line with the 
expected random nature of these defects. Thus, if defects were to account for the 
observed threshold current and its temperature dependence, then their presence should 
be correlated with either the composition or the bandgap of the QW as this is the only 
difference between these devices. Another possible mechanism is strain relaxation of the 
strained QW layer. If relaxation were to occur. it would occur towards higher 
compressive strain. and could explain the observed tum up in the threshold current strain 
characteristics at high compressive strain However the data presented in chapter 5 
shows that the critical thickness of the InGaAs QW was not exceeded. Therefore the 
Q W material could be assumed to be in an unrelaxed state. 
The experimental evidence presented in this chapter indicates that large carrier densities 
associated with gain saturation effects may be the root cause of the poor behaviour of 
these lasers. This conclusion is based on several phenomena. 
The measured threshold voltage was significantly greater. at most 344m V, than 
expected in these devices. The difference between the measured and expected values 
became greater with compressive strain. This implies, chapter 3, that the quasi-Fermi 
level splitting at threshold was also becoming much greater than expected. Therefore 
these lasers were having to be pumped harder in order to reach lasing and pumped 
harder still as the strain was increased. 
The greater than expected voltage was consistent with the observation of optical 
emission from a higher lying subband in the valance QW in the most compressi\e1y 
strained laser. This suggests that a significant number of carriers reside in these states. If 
strain is to show its beneficial effects then the population of this higher energy subband 
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needs to be negligible. The polarization character and measured transition energy 
suggest that the higher energy spectral emission oril!inates tj'om the EI LH(z) t '1 't' ~ - - r .... nsl Ion. 
whilst the lasing emission is principally derived from the EI-HH(z) transition. Pumping 
the laser (i.e. increasing the quasi-Femi level splitting) to reach a hi\!her than n0l111JI 
threshold gain in a gain saturated device would account for the presence of holes in this 
higher lying subband. Interestingly a clear TM polarized sub-peak was obser;ed at the 
dominant TE transition energy that gave rise to a mixed polarization of the lasing 
emission. Band edge transition would be expected to give rise to a relatively pure TE 
mode for this compressively strained device. However transitions occurring away from 
the band edge may contain a contribution from the opposite polarization character. 
Transitions occurring away from the band edge would be seen at large carrier densities 
associated with gain saturated operation. 
If these devices were operating m a gam saturated regIOn then a small shift in the 
threshold gain would result in a large change in the threshold current. Such shifts may 
be observed by inducing increased min'or losses in the laser. This was achieved 
reversibly by immersing the device in a 50:50 liquid n-Pentane/isoPentane mixture. The 
increase in the mirror losses due to the reduction of the facet reflectivity arising from the 
higher refractive index of the liquid was calculated. The observed increase in threshold 
current was much greater than that calculated. Such a shift in the threshold current was 
not observed in the tensile-strained lasers when they were operated in a 50:50 amyl 
alcohol/castor oiL a mixture of even higher refractive index, during pressure 
experiments. 
Gain saturation does not appear to be the whole story. In chapter 2 the current tlowing 
into the laser was expressed in terms of the injected carrier density or an n-dependence. 
The n-dependence of the current may be assumed to be related to the dominant 
recombination process occurring in the device and can be measured from the intensity of 
the spontaneous emission integrated over all wavelengths. In an ideal device the current 
tlowing into the laser may be accounted for purely in terms of radiative recombinJ.tion 
processes. Under such a bimolecular recombination regime the CUtTent tlo\ving into the 
device is proportional to the square of the injected cJrricr density. The measured 
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integrated spontaneous emission intensity showed an increase from a bimolecular to J 
trimolecular recombination process as the temperature of the laser was increased. This 
indicated the presence of an extra thermally activated component to the threshold 
current. 
This change from an n2 to an n-' recombination regIme may be explicable by t\\O 
different mechanisms. No conclusive experiment was perfonned to continn or refute 
each hypothesis. 
The first. perhaps weaker, explanation is that the trimolecular recombination is 
explicable by Auger recombination as the three body nature of the process gives rise to 
the n3 dependence of the current. The presence of Auger recombination can explain the 
observed temperature dependence of the threshold current of lasers operating at 1.3 and 
1.51lm wavelengths. The presence of Auger recombination was not fully demonstrated 
by the experiment as the recombination regime would be expected to become tixed at n.l 
at a sufficiently high temperature. A further increase in temperature may have revealed 
that the recombination regime may have eventually become fixed at a cubic process. 
The temperature range accessible to the experiment was limited by the apparatus. 
Theoretically it may be unreasonable to consider the presence of Auget recombination 
in these devices as Auger is quenched with increasing bandgap. Auger, shown to be 
important at 1.3 and 1.51lm wavelengths, may be insignificant in these 847 to 980 nm 
lasers. However, in a gain saturated device as the n3 dependence of the Auger and large 
carrier densities would amplify the small probability of the occurrence of an Auger 
event. 
The alternative explanation is that thennally activated leakage currents could give rise to 
the shift from a bimolecular to a apparent higher order n-dependence. The uncontined 
carrier density in the cladding regions is coupled to the carrier density in the QW. The 
greater the number of can'iers in the well the greater the uncontined cladding population. 
In a leakage dominated device the current is proportional to the uncontined carrier 
density, equation 6-2. These uncontined carriers may be expressed as some function of 
the well density, which is proportional to the square root of the integrated spontaneolls 
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intensity. The relationship between the current Jnd the integrated Spontaneous emission 
(well carrier density) may be expanded as a Taylor series. The higher order terms may 
also give rise to the observed n-dependence. The relationship between the current and 
the integrated spontaneous emission is expected to move beyond a cubic to a higher 
order n-dependence . Again the limitations of the experimental apparatus prevented the 
full demonstration of this. However the leakage hypothesis is also supported bv the 
observation of the anomolously high threshold voltages in these devices. voltages that 
~ 
arise from gain saturated behaviour. The measured threshold voltage is of a similar 
'-' 
magnitude to that measured in the tensile-strained lasers. This implies that the activation 
energy of the leakage process. chapter 6. is also similar. 
Both of these conjectures. Auger or leakage. can only be expected to occur in these 
devices at excessively large carrier densities. those experienced in a gain saturated 
device. Their presence in these lasers is more a consequence of gain saturation rather 
than its cause. The question of why gain saturation occurs in these devices has not been 
answered through the results presented in this chapter. However. the enhancement of 
TE gain in the compressive regime is not as strong as the enhancement of TM gain in 
the tensile regime. Also the small optical confinement factor in these single quantum 
well devices means that more gain is required for lasing. Therefore these compressive 
lasers may be more susceptible to gain saturation effects than the tensile lasers. Optical 
absorption rather than non-radiative recombination may be the culprit in driving these 
devices into a gain saturated regime. 
7.1 OBSERVED THRESHOLD CURRENT AS A 
FUNCTION OF STRAIN 
Fig(1) shows how the threshold current varies as a function of compressive strain. A 
region from 00/0 to 0.69% compressive strain is observed where the threshold current 
seem relatively independent of strain. The spacing of the isotherms of threshold current 
appears to be very similar in this region. At strains greater than 0.69% the threshold 
current is seen to increase with strain whilst the isotherms of threshold current are seen 
to diverge. 
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Fig(l) Shows the variation of threshold current density with compressive strain. The 
threshold current density appears to be relatively independent of strain between 0 and 
0.69% compressive strain. The spacing of the isotherms of threshold current density in 
this region also seem relatively independent of strain in this region showing that the 
temperature dependence of the threshold current density in this region is similar. The 
increase in threshold current density and the divergence of the isotherms at higher 
compressive strains suggest the presence of some extra strain and temperature 
dependence of the threshold current density. The solid lines represent the threshold 
current density for an ideal lossless laser with an estimated threshold gain of 50cm-1• 
The difference between the theoretical curves and the measured data clearly show the 
action of some extra strain or material dependent factor in the behaviour of these 
devices. 
Compressive strain is expected continually reduce the threshold current. through the 
reduction of the valance band density of states. chapter 2. Strain can be expected to 
reduce the threshold current up to the point where mistit dislocations occur as the laya 
exceeds its critical strain thickness product of around 150 to 200A/%. chapter 5. Further 
increases in strain then act to increase the threshold current. Therefore observed strain 
independent region of the threshold CUtTent strain characteristics in fig( 1) is not 
expected. Furthennore it was shown in chapter 5 that the strain thickness product was 
not exceeded in these devices so the increase in the threshold current beyond 0.9% 
compressive strain is not associated with the effects of strain relaxation in the Q\V. 
Moreover the characteristics are reproducible across a batch of ten samples. This makes 
the random nature of material defects associated with poor fabricated devices unlikely 
candidates for the observed characteristics. 
7.1.1 CALCULATED RADIATIVE CURRENT AT 
THRESHOLD 
As shown previously, chapter 2, lasing occurs when there is sufficient gain to overcome 
all our optical losses (mirror loss and absorption). The threshold current of an ideal laser 
may be calculated from the gain current relationship if the threshold gain is known. This 
would be the expected threshold current in the absence of all other non-radiative loss 
mechanisms or leakage currents. 
A the gain current relationship was calculated using a model developed by Silver [121]. 
the essential details of which are described below. A three band k.p model was used to 
calculate the conduction and valence band dispersions in these lasers. From this the 
transition matrix element was calculated and hence the material gain. Previous work of 
Meney & Jones [122] has shown that a minimum of eight bands are necessary to give 
accurate calculations of the gain in 1.51J.m InGaAsP lasers. Here we expect that a three 
band model differs little from a 6 band model due to a factor 2 for spin degeneracy. 
Also at larger baI1dgaps mixing effects from higher lying band are expected to be 
reduced especially if we are restricted to small k values. Thus a three band model 
applied to IlJ.m devices is expected to generate reasonably accurate gain values. 
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These lasers were modelled by enforcing charge neutrality between the Q\\' and the 
barrier material. in a similar manner as described in chapter 3. [n order to calculate the 
relative carrier distributions in the laser. From this the relationship bet\\cen peak gain 
and either current density or well carrier density may be derived. 
[n these single QW devices the majority of the confined optical mode resides outside the 
active gain region, detined by the dimensions of the QW. The effective gain is the 
material gain reduced by the optical continement factor. the fraction of the optical field 
within the gain region. For a tixed QW width, the optical continement factor \vill 
reduce with increasing wavelength or in this case increasing compressive strain. The 
variation of the optical confinement factor with strain was calculated using the 
approximate method of [123,124]. 
Fig(2) shows the calculated peak gain, reduced by the optical continement factor, as a 
function of current for the unstrained GaAs laser at 250, 300, 330 and 365K. The gain 
current relationship can be seen to roll over due to gain saturation effects as the lowest 
subband is filled with carriers. A further increase in current makes the gain increase 
again as the next subband is filled. 
A threshold gain of 50cm-', a value close to that used in the tensile lasers, was chosen. 
This value of threshold gain also falls close to the end of the linear gain region and so 
marks the transition between linear and gain saturated behaviour. The solid lines in 
fig( 1) show the calculated threshold current density as a function of strain for a fixed 
gain 50cm-'. The curves clearly underestimate the actual threshold current across the 
entire range of strain. Furthermore the isotherms of radiative current do not di\erge as 
rapidly as those measured indicating that the temperature dependence of the threshold 
current has not been accounted for. 
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Fig(2) shows the calculated peak gain current density characteristics for the 1.18% 
compressively strained laser, taking into account the optical confinement factor, r. 
Similar calculations were performed for the 0%, 0.41 % and 0.90% compressively 
strained laser at the same temperatures. The threshold gain was estimated as 50cm·', a 
value close to that of the previously studied tensile-strained lasers, to calculate the 
theoretical curves in fig( 1). This places the threshold current density close to the end 
of the linear gain region. An increasingly larger current is needed to produce higher 
threshold gain. This is the region of gain saturation, the region where the highly 
populated subbands start to fill up, leaving a smaller number of available states through 
which injected carriers can contribute to gain. At higher carrier densities still the effect 
of carriers populating higher lying subbands is seen. The fact that the threshold current 
density temperature and strain characteristics are so underestimated at this threshold 
gain suggest that these lasers are operating in a region of gain saturation 
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ig(3) shows the threshold gain estimated from the threshold current strain characteristics, 
ig(1) and the calculated gain current density curves, fig(2). This assumes that there are no 
)oradiative processes contributing to the threshold current density and therefore probably 
:presents an overestimate. Only at the lowest temperatures does the gain approach the value 
~ 50cm-\, the value originally estimated for these lasers. 
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To estimate the threshold gain in these lasers the measured thl'esll0ld . I h currents la\e een 
used to back calculate the gain, using tig(2). The results are displayed tig(3). At 10\\ 
temperatures the threshold gain is slightly in excess of the estimated gain of 50cnf i . 
However increasingly larger gains are required to adequately describe the data as the 
strain and temperature are increased .. The highest threshold gain ~200cm" at 365K falls 
well within the calculated gain region of the next available sub band. The magnitude of 
the threshold gain may be unfeasibly large for this material system which suggests the 
action of some other contribution to the threshold current. This is further supported by 
the lack of a significant shift in lasing wavelength with temperature. expected from 
lasing from the high subband. 
7.2 GAIN SA TURA TION 
7.2.1 EVIDENCE FOR GAIN SATURA TION:IV 
MEASUREMENTS 
As has been demonstrated in chapter 3, the junction voltage may be used to estimate the 
splitting of the quasi-Fenni levels in the laser. This combined with the Bemard-
Duraffourg conditions means that the threshold voltage should be of the order of the 
transition energy at the lasing wavelength. This has been demonstrated in chapter -L in 
the tensile-strained lasers. The IV characteristics of the 1.18% compressive laser is 
shown in fig(4). The threshold voltage after eliminating the effects of series resistance, 
is found to be 1.609V. The transition energy, at the lasing wavelength of 980nm, is 
1.265eV. This difference places the quasi-Fenni level splitting some 344meV greater 
than expected from the Bemard-Durrafourg condition. This is consistent with the 
observed emission from higher lying energy bands below, section 7.2.2, and suggests 
that the lasers has to be pumped much further than expected above transparency to 
reach lasing. 
Fig(5) shows the threshold voltage as a function of compressive strain at 20C. :-\lso 
shown is the transition energy at the lasing wavelength. assumed to be equivalent to the 
threshold voltage, through the Bemard-Duraffourg condition. The measur~d threshold 
voltage diverges from the expected value as more strain is incorporated into the Q\\ 
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Fig( 4) shows the IV characteristic of the 1.18 % compressively strained laser at 22C. 
The fIlled squares show the raw data with the effects of parasitic series resistance. At 
high enough currents the voltage drop across the series resistance become comparable 
to the junction voltage of the laser diode. The characteristics tend to a linear, Ohms 
law, relationship. the gradient of this linear region can be used to estimate and then 
eliminate the effects of this series resistance. The estimated pure junction voltage is 
shown by the open circles. It maybe assumed that the junction voltage is equal to the 
quasi-Fermi level splitting in the laser. The pinning of the junction voltage above 
threshold is expected as the recombination rate through stimulated emission at 
threshold tends to clamp the injected carrier population. The expected quasi-Fermi 
level splitting should be of the order of the transition energy in the QW through the 
Bernard Duraffourg condition. the voltage measured here is some 344me V greater 
than expected. This is consistent with the threshold carrier density being greater than 
expected such as would be found in a gain saturated laser. 
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Fig(5) shows the measured threshold voltage as a function of compressive strain. This 
can be compared to the expected threshold voltage derived from the transition energy 
at the lasing wavelength, through the Bernard Duraffourg condition (solid line). The 
difference between these two curve suggest that the quasi-Fermi level separation is 
becoming much greater than expected. This implies that the lasers have to be pumped 
much harder with increasing strain, as expected from a gain saturated device. 
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This is contrary to the behaviour that IS expected trom the Bemard-Duratfouro 
condition where the threshold voltage. equivalent to the quasi-Fermi level splittin!.! at 
threshold. should follow the transition energy at the lasing wavelength. This implies that 
some strain dependent process is acting to increase the quasi-Fermi level splitting at 
threshold. thereby increasing the threshold calTier densi ty. 
The threshold voltage, 1.609V, in the 1.18% compressively strained lasers is of the 
same order of magnitude as that in the 0.82% tensile-strained laser, 1.641 V. This 
implies. chapter 6, that the activation energy of the leakage process is 337meV. This 
activation energy is similar to that measured in the tensile-strained device suooestino be b 
that leakage currents may still be significant in these devices. However any leakage 
currents would be a secondary consequence of the increased splitting of the quasi-Fermi 
levels and not the root cause of the anomalous behaviour of these devices. 
7.2.2 EVIDENCE FOR GAIN SA TURA TION: FACET AND 
SPONTANEOUS EMISSION SPECTRA 
Fig(6) shows the spectra emitted from the facet of the 1.18% compressively strained 
laser. Two peaks are clearly observed. Lasing modes are seen to grow from the more 
intense longer wavelength at threshold. The energy splitting of the two peaks 61 me V is 
very close to the calculated splitting, 63meV, of the HH(z)/LH(z) quantum confined 
states, suggesting that the origin of these two peaks are the E I-HH(z) and E l-LH(z) 
transitions. Other possible transitions in the structure were considered. The barrier 
transition, barrier well transition and those due to higher lying quantum confined states 
were all found to be greater in energy than those observed. 
The incomplete joining of the spectra was due to an artefact in the triple spectrometer. 
The high resolution triple spectrometer was originally designed resolve fine lines in 
Raman spectra and not the relatively broad emission from a electroluminescent device. 
The emission spectra therefore had to be built up from a number of scans at different 
centre wavelengths. Though the amplitude information may be corrupted the essential 
spectra features are unchanged. The integrity of the spectral infom1ation can be seen in 
the emission spectrum taken from another spectrometer. This can be seen. tig( 7). in a 
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scan of the emission spectra from a window milled in the substrate of the laser. acquired 
with an optical spectrum analyser (OSA) specifically designed for measurements of 
lasers and LEO·s. The same spectral peaks are seen as in the previous. triple 
spectrometer data showing that the observed spectra are genuine and not an artefact of 
the spectrometer. The triple spectrometer was used because polaroid tilters. used in the 
investigation below. could be simply mounted betore the entrance slit. The optical tibre 
input of the OSA made the use of externally mounted polaroid tilters unfeasible. 
To further demonstrate that the peaks originated from the E I-HH(z) and E I-LH(z) 
transitions, the spectra were viewed through two polaroid tilters that were placed betore 
the entrance slit to the spectrometer. The E I-HH(z) transition was expected to be TE 
polarized whilst the E l-LH(z) transition was expected to be TM polarized. chapter 2. 
The more intense. longer wavelength peak was seen when both of the polaroids are 
turned for maximum TE transmission whereas the higher energy peak is obscured. 
Conversely when both of the polaroids are turned to maximum TM transmission the less 
intense, higher energy peak is seen to appear and the more intense longer wavelength 
peak is obscured. A high energy TE tail can be seen to contribute to the less intense, 
high energy peak However some apparent TM contribution to the longer wavelength 
peak is also seen. 
The possiblity of the more intense TE emission breaking through due to the less than 
unity extinction ratio of the polaroids giving rise to an apparent TM feature in the 
dominant TE peak was considered. This was tested by viewing the spectra through 
crossed polaroids. The first polaroid was turned so that it gave maximum TM 
transmission. Any residual TE emission that was transmitted through this polaroid could 
then be easily transmitted through the second that was turned for maximum TE 
transmission. The apparent TM contribution to the longer wavelength peak was 
completely lost when viewed through these crossed polaroids strongly suggesting that 
the longer wavelength peak did indeed have a TM contribution. This can be seen in 
tig(8). Moreover as the CUlTent was increased towards threshold lasing modes \vere seen 
to emanate from this TM peak when both polarizers were set for maximum T\'l 
transmission. As the lasing emission is more intense still than the background spectra 
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TE light breaking through the polaroids is even more likely. HO\vc\cr the lasinl! mode is 
'- . 
seen to be extinguished when viewed through crossed polaroids. Therefore the lasing 
emission had a mixed TE/TM character. 
If the laser were pumped heavily into gam saturation regIon. then a significant 
population of can'iers would reside in states a\\-ay t1'om the band edge. The polarization 
character of these states cannot be explained in tenns of the pure HH or LH character of 
these states, Mixing between the x. y and z-components of the valance band Bloch 
functions could give rise to the mixed polarization character observed here. The 
benetits of strain are usually described in tenns of the states at the r -point. This has 
been shown, chapter 2, to give rise to an enhancement of the TE gain over the TM gain. 
However, if mixing were to occur between these states then the expected enhancement 
of the TE and suppression of the TM gain characteristics would not be as marked. [n a 
laser already susceptible to gain saturation effects. the full enhancement of ~ain throu~h 
'- '-
strain would be lost. Mixing between the valance states away from the r-point would 
tend to augment any gain saturation effects. 
The most fundamental result that can be derived from an examination of these spectra is 
that the energy splitting and the polarisation are both expected from the E I-HH(z) and 
E l-LH(z) transitions. In this most compressively strained laser the energy splitting 
between these two states is at a maximum. Applying the Bemard-Durrafourg condition 
to this device raises the question of why the higher lying transition is seen at all. The 
presence of the higher energy emission is indicative of carriers populating higher lying 
states. This would ultimately lead to an increase in the threshold current. 
7.2.3 EVIDENCE FOR GAIN SATURATION: INDUCED 
MIRROR LOSSES 
The reflectivity of the facet may readily be varied by immersing the laser in a liquid 
medium. The refractive index of liquids is generally greater than that of air therefore. 
through equation 5-11, the facet retlectivity may be reduced. It is stressed that 
reflectivity of the coated facets become independent of the refractive index of the film 
when the thickness is made equivalent to ),)'2. chapter 5 _ Therefore the change in 
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Fig( 6) Shows the ASE spectra emitted from the facet of the 1.18 % compressively 
strained laser close to threshold. The different curves are an artefact of the 
spectrometer. The same spectral features are seen window spectra in fig(5) The spectra 
were viewed through polaroid filters to reveal the polarization character of each peale 
The energy splitting of the two peaks is close to the value calculated for the difference 
between the E I-HH(z) and E l-LH(z) transition in the QW. This is confirmed by the 
polarization character of the two peaks. The more intense, longer wavelength peak has 
a TE character, suggesting it originates from the E I-HH(z) transition, whilst the lower 
intensity, shorter wavelength peak has a TM character, suggesting the E l-LH(z) 
transition. The residual TM character of the longer wavelength peak is also seen. 
Luminescence from the short wavelength peak shows that the higher energy sub-band 
is populated with carriers at threshold, even in this most compressively strained 
sample. Strain splitting of the valence band sub-bands at this strain should act to reduce 
the valence band DOS reducing the transparency carrier density and so the threshold 
current. Population of this higher sub-band suggests that this is not the case and may 
account of the larger than expected threshold current of this device. 
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Wmdow Emission Spectrum 1.18% Compressive Laser 
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Fig(7) Shows the spontaneous emission spectrum emitted perpendicular to the lasing 
axis through a hole milled in the bottom contact of the laser. The same twin peaked 
spectral features are seen in the previous facet emission spectra, fig(6). The energy 
splitting of the two peaks is again very similar to that calculated for the difference 
between the EI-HH(z) and EI-LH(z) transitions. The continuous curve is used to 
illustrate that the spectra features seen in fig(6) in the incompletely joined spectra are 
seen in with an instrument specifically designed to acquire laser emission spectra. 
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Fig(8) shows an enlarged view of the longer wavelength, residual TM peak in the 
dominant TE emission, from fig(6). When the two polaroid filters are turned for 
maximum TM transmission the peak is clearly seen. This confirms its TM nature rather 
than it being an artifact due to the more intense TE emission breaking through the 
polaroid due to their less than unity extinction ratio. When polaroids are crossed so 
that the second polaroid is turned to maximum TE transimission, whilst leaving the 
first in maximum TE transmission, the peak is lost. The presence of lasing modes on 
the TM peak is unexpected. However mixing between states away from the zone 
centre may give rise to a TM component of the mainly TE emission. The states away 
from the zone centre maybe populated if the laser is pumped into the gain saturation 
region. 
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retlectivity of the facets becomes purel \' a function of the chanor' I'll ret·ract·· . d . 
- ::=1... I\c III e\ l)t 
the external media. The resulting increase in the mirror losses has the effect of 
increasing the threshold gain and therefore the threshold current. The change In 
reflectivity was estimated as follows. The refracti\'e index inside the laser was taken to 
be that of the two 1140A AI(uG~J'!As bmTier layers. This \\as tound to be 3.385 at 2l)~K 
for a wavelength of 989nm [125]. Taking the refractive index of air to be 1 the 
retlectivity of the facet is 0.544. A 50:50 n-Pentane:isopentane mix was used as the 
external medium. mainly because this was the pressure medium of the pressure 
temperature apparatus being tested at the time. The refractive index was measured to be 
1.365 at the lasing wavelength [126]. This would reduce the tacet ret1ectivity to 0..+25. 
The change in threshold gain, calculated from equation 2-6. was 4.94cm-
'
. 
Fig(9) shows the LI characteristics of the 1_18% compressively strained laser in air and 
immersed in a 50:50 n-Pentane:isopentane mixture. The threshold current could be 
reversibly shifted from 9S to 132mA. The change in threshold current density was 148 
kAcm- l . An almost negligibly small change in threshold current. -SmA, was seen in the 
tensile-strained lasers when they were immersed in the SO:50 amyl-alcohol:castor oil 
mixture used in pressure experiments. This mixture has an even higher refractive index. 
Clearly this large change in threshold current in this most compressively strained device 
cannot be accounted for by the change in gain at a threshold gain of SOcm- '. This 
suggests that these lasers are operating in a region of gain saturation where the slope of 
the gain current relationship is much shallower. This is consistent with the previous 
observations showing the quasi-Fermi levels are pushed deeper into the bands resulting 
in a larger threshold carrier population._ 
7.3 RECOMBINATION MECHANISMS 
7.3.1 NON-PINNING OF THE WINDOW EMISSION 
Fig( 1 0) shows the integrated window emission emitted perpendicular to the lasing axis 
as a function of current in the 1.18% compressively strained laser. Only the most 
compressively strained lasers were measured as the GaAs substrate became absorbing to 
the shorter wavelength compressive devices. The sublinear nature of the Ll relationship 
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Fig(9) Shows the LI of the 1.18 % Compressively strained laser as it was measured fIrst 
in Air, then in a liquid 50:50 n-Pentane/isoPentane solution and then in Air. The 
increase in threshold current is attributable to the reduction in facet reflectivity to due 
the higher refractive index of the liquid pentane. the resultant increase in mirror losses 
forces the threshold gain to increase. The reversible nature of the characteristics shows 
that the laser was not damaged in the process. The estimated 22 % change in facet 
reflectivity was estimated to lead to a increase in threshold gain of 4.9cm·1 at an 
estimated initial threshold gain of 50cm- l . The observed increase in threshold current 
density of 148 Acm-2 could not be accounted for at this initial threshold gain, but 
maybe accounted for for threshold gain in a more gain saturated region of the gain 
current characteristic. This observation further supports the previous observation of 
gain saturated behaviour in these devices. 
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suggests the presence of extra non-radiative components to the threshold current. 
Furthermore the light intensity is seen to increase significantly abO\'e threshold. This 
behaviour is contrary to expectation in simple laser theory. Pinning of the spontaneous 
emission is expected because the recombination rate through stimulated r:mission at 
threshold should be equal to the rate at which carriers can be pumped into the structure. 
etfectively clamping the il~ected carrier population and their resulting recombination 
processes. 
Non-pinning has been observed before [85,86], and has been attributed to non-
uniformities in the longitudinal gain protile of the lasers. This leads to a complex self 
consistent relationship between the longitudinal gain and cavity photon density [86]. 
Further investigation is necessary to establish the cause of the non-pinning behaviour. 
7.3.2 INTEGRA TED WINDOW EMISSION 
The carrier density dependence of the current may be studied through measurinl.! the 
'-' '-' 
window emission spectra. From equation 2-34 the current flowing in the laser may be 
expressed in terms of a cubic polynomial of the carrier density. The radiative component 
of the threshold current is proportional to the intensity of the spontaneous emission 
integrated across the emission spectrum. This in tum is proportional to the square of the 
carrier density, equation 2-26. Thus the carrier density or n-dependence of the current 
flowing into the laser may be measured from the integrated spontaneous emission 
spectra. 
Equation 7-1 
where z is the index corresponding to the n dependence of the recombination process 
and L is the integrated intensity under the emission spectra. Plotting the log of the 
current density against the log L 112 will yield a gradient equal to z. Fig( 11) shows such ~I 
plot for the 1.18% compressively strained laser as a function of tr:mperature. The 
spontaneous emission emitted through a window milled in the substrate of the laser and 
collected via a suitably positioned optical tibre. The spectra can readily be integrated by 
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Fig(10) Shows a comparison between the window and facet emission of the 1.18 % 
compressive laser, the absolute intensities" are not comparable between to the two 
curves. At threshold the recombination rate through stimulated emission is expected to 
be to become large enough to pin the carrier population, hence all the injected carriers 
go into stimulated emission and the light/current characteristics above threshold tend 
to increase linearly. As light emitted perpendicular to the lasing axis is expected to 
undergo little or no stimulated emission the light/current characteristics are expected 
to pin above threshold. The increase in light intensity above threshold in the window 
emission shows that this is not the case in this device. The fractional increase in the 
light intensity above threshold is defined here as the nonpinning factor. 
coupling the other end of the optical tibre straight into the photodetector. 
Linear regression was perfom1ed on the data on two regions of the cun'e, From the 
lowest CUITents to 1/3 of the threshold CUITent and from 1/3 of the threshold CUITent h) 
threshold. The gradient of the lower section of the curve increased from around 1 to 
around 2 with temperature. The gradient of the upper section of the curve increased from 
around 2 to around 3 with temperature. A straight interpretation of equation 2-34 
suggests that these non-integer values arise from combination of recombination 
processes. Thus the characteristics of the lower section of the curve is indicative of a 
mixing between radiative and monomolecular Shockley Read [68] Hall [69] type 
recombination. Whilst the upper section of the curve suggests the onset of a thelmally 
activated nJ-like processes competing with the n2 like radiative recombination. The 
increase in the n-dependence the upper and lower sections of the curve with 
temperature can be seen more clearly in fig(12) where the measured index z of Equation 
7-1 is plotted as a function of temperature, 
This n3-like process may explain the temperature dependence of the threshold current in 
these most compressively strained lasers as an ideal laser should reveal only an n2-like 
dependence. The identity of this apparent n3 type poses an interesting problem as nJ-like 
processes can be associated with Auger recombination. However Auger processes are 
thought to be strongly quenched at the bandgaps equivalent to the lasing wavelengths of 
these devices. The probability of an Auger event occurring in these device is expected to 
be negligibly small. However the large carrier densities expected from gain saturation 
effects in these lasers would amplify the total Auger current through this n3 relationship. 
Thus the relatively small magnitude of the Auger that would be expected in these 
devices would only be seen at large carrier densities. If Auger recombination were the 
dominant process then the curves presented in tig(12) should ultimately pin at z-value of 
3, The further increases in temperature that were necessary to show this pinning were 
not possible with the experimental apparatus used. The maximum z-value is greater than 
3 but this may be the value may be explicable from the experimental error. 
Appendix (2) shows how the leakage current can be expressed in tenns of the measured 
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Fig(ll) Shows the intensity integrated across the window emission spectrum, fig(5), 
. for the 1.18 % compressive laser as a function of current and temperature. Here the 
logarithmic current normalised to threshold is plotted against the log of the square root 
of the integrated intensity. The x-axis maybe read as the log of the injected carrier 
density in the QW assuming equationO. This graph allows us to establish the power 
relationship between the current and well carrier density. Two distinct gradients were 
measured either side 113 of the threshold current, indicating a change in the 
recombination regime at this point. At low temperatures the current switches from a 
nl.7 to an n2.26 dependence. This shows a mixing between a monomolecular and a 
radiatively regimes with the radiatively regime dominating towards threshold. At high 
temperatures the onset of an n3 -like process is seen. Such an n3 -like process may 
explain the observed temperature dependence of the threshold current of these laser. 
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Fig(12) Shows the z-parameter, equation 7-1, measured from fig(l2) as a function of 
temperature. A clear change from a radiatively dominated, n2 -like, to a n3 -like process 
is seen. This shows the onset of an extra thermally activated nonradiative component 
to the threshold current, one that may explain the observed anomalous temperature 
dependence of the threshold current in these lasers. 
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n-dependcnce in the QW. Essentiall\" the leakaoe CUITent can be "'pre" d . . 
-::: \..:,," sse III terms at a 
Taylor series of the carrier density in the Q\V. This power series \\ould also '. . 
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observed n-dependence of the current. Again a further increase in temperature would 
have resolved this as the n-dependence should move beyond a \'alue of three. The 
presence of a leakage currents in these devices is contrary to our initial expectations of 
the behaviour of these lasers as these devices operate at the opposite end of the spectrum 
to the leakage dominated GaAsP devices. However the presence of leakage currents is 
supp0l1ed by the excessively high threshold voltages in these devices. section 7.2.1. The 
threshold voltage is of a similar magnitude to that in the tensile-strained GaAsP de\'ices 
and implies that the activation energy of the leakage process is also similar. 
7.4 SUMMARY AND CONCLUSIONS 
The basis of the work presented in this chapter was the assumption that. due to similar 
nature of the structure of these lasers, the variation of the threshold current with strain 
could be understood from the incremental variation of QW composition from laser to 
laser. Thus the addition of Indium to a GaAs QW should have the opposite effect on the 
threshold current than the addition of phosphorus to a GaAs QW. In the GaAsP devices 
a leakage current of unconfined carriers diffusing into the doped cladding regions was 
found to increasingly dominate the threshold current as phosphorus was added to the 
QW . The InGaAs devices should tend to free themselves from the effects of this 
leakage current. The leakage component of the threshold current, already small in the 
low tensile-strained GaAsP devices would be expected to be negligible in the InGaAs 
compressively strained lasers. Other loss processes, chapter 1. were not thought to be 
significant in these lasers. In the absence of loss processes these lasers could be assumed 
ideal where the threshold current was dominated by radiative recombination processes 
only. A continuous fall in the threshold current with compressive strain was expected as 
the strain reduced the radiative component of the threshold current. However the 
measured threshold current and its temperature dependence did not vary as e:-.:pected as a 
function of compressive strain. The threshold CUlTent and its temperature dependence cIt 
intermediate strains was seen to be virtuall\' strain independent. whilst being seen to 
increase at the extremes of the strain range. The absolute values of threshold current 
were consistently greater than those predicted for a simple fixed gain loss less laser 
model. 
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This unexpected behaviour was cOITelated with the tollmvinn exper,'lllelltal ob . 
C . servatlOl1S 
The measured threshold voltage was observed to increasingly depart with strain. from 
the value derived from the lasing transparency condition. reaching some ~344I11e\' 
greater than transparency at maximum compressive strain. This suggested that the quasi-
Fermi level separation was becoming increasingly greater than that at the lasing 
transparency condition and that the lasers needed to be pumped much harder to reach 
lasing as the strain was increased. 
These observations were consistent with the observed facet and window spectra that 
showed features originating from higher energy transitions within the QW. Emission 
from the higher subband in the valance band QW indicated that these states were 
populated. again suggesting that these lasers had to be pumped hard to reach lasing. In 
this most compressively strained device the HH(z)/LH(z) splitting was at a maximum. If 
strain were to show its beneticial etlects then the population of the higher energy 
subband needs to be negligible. Furthermore a 50% increase in the threshold current was 
induced in the highest compressively strained laser by increasing the mirror losses when 
the laser was immersed in a liquid medium. Only a 5% increase in threshold current was 
expected suggesting that the laser was operating in a region of gain saturation, a natural 
consequence of a device that is pumped well above transparency. 
The integrated spontaneous emISSIOn as a function of temperature showed that the 
threshold current was increasingly dominated by an n' process at high temperatures. The 
presence of such a thermally activated process in itself could explain the observed 
threshold current/strain characteristics of these lasers. However non-radiative processes 
such as these are not expected in this material system and their presence seem more a 
consequence large threshold carrier densities due to gain saturation et1ects. 
The identity of this process was not conclusively demonstrated. Two possible candidates 
were considered. Auger recombination is expected to have an n3-dependence. :\t J. 
sutliciently high temperature the current should have been dominated by Auger 
processes. Therefore the n-dependence of the current would then become tixed on an n 1_ 
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dependence. However a further mcrease 111 temperature '·'1 " 'bl 
. accessl e to the 
experimental apparatus, may have revealed a hioher order n- ~ep""nd ' '11 TI 
to u ~ ence Stl. le 
probability of an Auger event occurring in these lasers is likely to be sm II b . 
..... a , ecause ot 
the bandgap of these lasers. However the large caITier densities associated with the (Jain 
::: 
saturated behaviour of these devices would amplifier the Auger recombination rate 
through its nJ-dependence. 
Leakage processes can be expressed in terms of a power series of the caITier density. 
This may also explain the observed n]-dependence. Higher order terms of this PO\\cr 
series would become visible at as the temperature was increased. Again the temperature 
could not be taken sutliciently high to demonstrate this. However the anomolouslv hioh 
_ to 
threshold voltages measured in these lasers are of a similar magnitude as those in the 
tensile strained lasers. Therefore activation energy of the leakage process, estimated 
from the threshold voltage chapter 6, was also of a similar magnitude to that of the 
tensile-strained lasers. This makes the leakage process feasible in these devices. 
The interesting question arises as to why these lasers are gain saturated in the tirst place. 
The presence of a large optical loss mechanism will certainly act to increase the 
threshold gain and therefore push the laser toward gain saturation. The exact nature of 
this loss mechanism poses a difficult problem experimentally. IYBA may be a candidate 
but has been shown to be reduced by strain 1.5)1m devices [40,43.44] and is quenched 
with increasing bandgap. Therefore it is not expected to be significant in these strained 
~ l)1m lasers. If an optical loss mechanism were responsible for the observed high 
threshold characteristics then it would be expected to become worse with increasing 
compressive strain or indium content. The enhancement of the TE gain in the 
compressive regime is not as strong as the enhancement of the TM gain in the tensile 
regime. This combined with the small optical continement factor of these single 
quantum well devices may go some way to explain why the compressivc lasers are 
susceptible to gain saturation etfects. The switch between the compressive J.nd tensile 
regime does not present a signiticant change in band structure of these deYices. \1aterial 
quality may also be signiticant in the device performance. Large threshold currents duc 
poor quality material is usually associated with non-radiative recombination through 
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defects. The increase in recombination rate through defects may act to increase [hI.: 
threshold current but it does not necessarily lead to increased carrier density and ~ain 
saturation. The oxidation of Al leading has been shown to cause an increase in the 
threshold current (71]. This would also have an effect on the reducing the non-radiati\'e 
lifetime but is not obviously related to optical losses. Moreover. monomolecular 
processes such as these are expected to be proportional to the carrier density. No direct 
n-dependence of the current was observed. An apparent problem with the 
AIGaAs/InGaAs interface has been seen before that leads to an increase in the threshold 
current [127-130]. The introduction of thin( -5nm) GaAs buffer layers between the 
AIGaAs barriers and the InGaAs well has lead to a marked improvement in de\ice 
performance. Such a solution may be applied to these lasers and would demonstrate the 
action of this material related problem. 
The fact that the bandgap of the InGaAs can be predicated by two ditferent bowing 
parameters, chapter 5, may be correlated with the observed characteristics. though the 
exact mechanism remains unclear. The calculated material bandgap seems one of the 
few parameters that seems to show an unexpected behaviour with compressive strain. 
Alloy ordering effects during growth is well documented [97.98] to lead to a shift in the 
fundamental bandgap. However it is uncertain as to if this has an effect on the gain 
characteristics or optical losses that could push these lasers into gain saturation. 
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CHAPTER 8 
SELF -HEA TING 
8. INTRODUCTION 
Since they were not bonded down on heat sinks, the use of pulsed power to minimise 
self heating effects was necessary in all the devices used in this thesis. In chapter 4 it 
was shown that the threshold current was independent of duty cycle for duty cycles of 
less than 0.5%. The timed averaged power supplied to the laser at these low duty cycles 
appears not to generate sufficient average heating of the laser to make an observable 
increase in its threshold current. Larger duty cycles have been shown to increase the 
threshold current, chapter 4. Other self-heating effects have been observed in the time 
evolution of the optical signal from the laser during the "on" cycle [131-136]. Here we 
report on another form of self-heating that is seen in the time evolution of the optical 
signal. The current flowing and the voltage across the laser was constant during the "on" 
time implying that the power supplied to the laser was also constant. The onset of lasing 
was distinctly marked by a change from a flat topped optical pulse to a linearly falling 
one, even though the power supplied to the chip is constant over the "on" cycle. This can 
be interpreted, section 8.2, through an increase in threshold current due to self-heating 
effects inside the laser chip. The response of the detector system to pulsed signals has 
been measured in chapter 4. The droop time of the measurement system was very much 
greater than the observed fall in the optical signal. Therefore the observed fall in the 
optical signal was genuine effect of the laser rather than a artifact of the measurement 
system. 
In section 8.4 a model was developed, incorporating heat loss to the lasers surroundings, 
to describe the temperature variation in the pulse powered laser in tenns of a power 
efficiency parameter. The model provides a simple technique from measuring the 
absolute radiative power efficiency of the laser from the time variation of the optical 
signal. Under the constraints of short power pulses, where the on time is very much less 
than the thermal time constant of the system, the effective heat loss to the lasers 
surroundings is negligible. Therefore the self-heating can be modelled in the absence of 
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the thennal resistance to the surroundings, removing a parameter that is very difficult to 
quantify. 
The increase in the threshold current with duty cycle, previously measured. chapter -+ 
fig(9), was fitted using the self-heating model. This demonstrated that the thermal time 
constant of the system was at least a factor of fifty greater than the "on" time. Therefore 
the limiting assumption, described above, under which the measurement of the radiative 
power efficiency was valid could be assumed to apply. 
Heating in a semiconductor arises from non-radiative current processes and ohmic 
effects. These processes consume electrical power and compete with the power that is 
supplied to useful radiative processes, thus lowering the radiative power efficiency of 
the devices. In section 8.8 and 8.9 the correlation between radiative power efficiency 
and the degree of self-heating was demonstrated. Here the rate of fall of the optical 
signal is measured as a function of temperature for the 1.00% and 0.82% tensile-strained 
GaAsP lasers. Previous work, Chapter 6, had shown that the efficiency of these devices 
falls with increasing strain and temperature through the action of a leakage current. The 
efficiency of these devices may be estimated through an alternative method in order to 
test the self-heating model. It was assumed that the radiative power efficiency of these 
devices approaches 100% at low temperatures between 77 and 250K. The ratio of the 
radiative to the total current may also be taken as a measure of the radiative power 
efficiency of the device, in a similar method to that in section 6.2. Good agreement was 
found between the efficiency calculated from the self-heating with the efficiency derived 
as above. This analysis suggested that the volume of the laser that is heated is smaller 
than overall volume of the laser. The exact thennal mass being heated becomes a fitting 
parameter in this technique and is very close to the active volume of the laser. 
8.1 THE TIME EVOLUTION OF THE OPTICAL SIGNAL 
A marked change in the pulse shape received from the photodetector was observed at 
the onset of lasina in all the devices used in this thesis. In fact this change was so 
b 
distinct that it could be used to mark the onset of lasing. Below threshold the optical 
signal was characterised by a relatively flat top O\'e[ the 3 ps during which the laser was 
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Fig(l) Shows the time evolution of the optical signal emitted from the facet of the laser 
above threshold. The change in gradient above threshold is not an artefact of the 
measurement system .. The voltage across and the current flowing through the laser are 
always constant over the duration of the pulse implying that the power supplied to the 
laser is constant. The same falloff of optical signal over time has been seen in all the 
lal)ers, compressive and tensile, used in this study. The time scale over which the fall 
off is seen, -~s, is much greater than that expected for processes associated with 
carrier dynamics, ps. Thermal processes, due to self-heating effects, seem to be likely 
candidates for the observed characteristics. 
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Fig(2) Shows the LI characteristics measured simultaneously at the start o,f the pulse 
and delayed by 170ns. The apparent increase in threshold current may be mterpreted 
as an increase in temperature of the device. This can explain the observed p,ulse shape, 
fig( 1), above threshold. For a constant drive current above threshold ,the lIght output 
of the laser may be seen to fall as the threshold current increases With temperJoture. 
Calculations based on previously measured threshold current temperature 
characteristics suaaest that the temperature rise is of the order of 1,48K/~s. 
bb 
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powered. However at threshold the front end of the optical pulse was seen to increase 
rapidly before the back end of the pulse. At a sufficiently high current above threshold 
the optical pulse could be seen to fall linearly with time across the duration of the pulse. 
Fig(l) shows the time variation of the optical signal from currents just above threshold. 
The photodetector used in these measurements differed from the that used in other 
measurements in this thesis. This photo detector consisted of smaller photodiode with a 
faster rise time and a faster pulsed amplifier.. The manufacturers data quotes the 
maximum rise time of the photodiode to be 0.5ns. The detector system was measured 
[89] to have a rise time of 1.5ns. The speed of this photo detector was important as a 
slower detector system may integrate out the modulation of the optical signal. The speed 
of the detector is reflected in the pulse shapes in Fig(l). The ringing at the front end of 
the flat top current probe signal can be seen to modulate the optical signal peak for peak 
demonstrating that the photodetector system can at least follow this modulation 
frequency which is clearly much greater than the linear fall in optical signal. The fall in 
optical signal was much greater than the observed droop time of the photodetector 
~0.2%/).ls, chapter 4. It was therefore concluded that the observed pulse shape was an 
effect intrinsic to the laser chip rather than an artifact of the detector system. Moreover 
the current probe signal and the junction voltage were found to be constant over the 
duration of the powering pulse. This implies that the power supplied to the laser was 
constant over this time. 
8.2 MODULATION OF THE OPTICAL SIGNAL 
THROUGH SELF-HEATING 
The fall in the optical signal with time though the power supplied to the laser \vas 
constant may be explained in terms of the heating of the laser over the duration of the 
power signal. This is illustrated in fig(2). If the temperature of the laser were increased 
then the threshold current would generally increase. If the current above threshold were 
to remain constant during this increase in temperature then the intensity of the light 
output would be seen to fall. The light intensity, L, above threshold may be \\Titten in 
terms of the threshold current, Ith" and the current, Las. 
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Equation 8-1 
Where llext is the external slope efficiency above threshold. The external slope efficiency 
above threshold is expected to fall with increasing temperature. However for small 
changes in temperature, -10K, the slope efficiency may be assumed to be independent 
of temperature, fig(2). An Increase in threshold current will therefore produce a 
decrease in light intensity. 
- M = '1 eXI ~ 1,11 
Equation 8-2 
The change in threshold current with temperature can be expressed in terms of the 
characteristic temperature To of the laser. This may be substituted into Equation 8-1 and 
rearranged to give the change in temperature as a function of the change in light 
intensity. 
I1T = To In( M + 'lexIIIII]) 
'11," ] 
Equation 8-3 
Where Ith' is the threshold current at the start of the pulse before any heating has taken 
place. This was tested on the 1 % tensile-strained laser. The characteristic temperature, 
TO, of this device was measured as 47.7K and the external slope efficiency llext=7 . .+xl0·3 
VIrnA. The threshold current at 19.3C was measured as 388.6rnA. The optical signal 
from the photodetector was seen to fall by 104. 7m V over l.15/-Ls. Thus the temperature 
change was estimated to be l. 7K over this l.15/-Ls or 1.48 KI /-Ls. 
The shift in threshold current with time could be observed more directly. The functions 
of the digital oscilloscope allowed measurement of the amplitude of the optical signal at 
two specified cursor points on the optical pulse separated by time 11t. These results are 
shown in Fig(2). The cursor separation was set to 170ns. The characteristic shape of the 
curves demonstrates that both points on the pulse eventually reach lasing. The LI 
characteristics at the delayed cursor position show a higher threshold current implying 
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that the temperature at this time is greater than that at the first cursor position. Also 
shown in Fig(2) is the data taken with a delay between the two cursors of 300ns. The 
difference in threshold current was clearly greater still indicating that the temperature 
has increased further. 
8.3 THE ORIGIN OF THE HEATING EFFECTS 
The question now arises as to what causes the observed temperature change inside the 
laser chip. It is plausible that self heating effects originate from non-radiative current 
processes and ohmic heating within the device. Thus a measure of the heating due to 
these processes may give a measure of their relative contribution to the lasing efficiency 
of a particular device. This would be true if all the heat generated in the device would 
give rise to an increase in temperature of the device and not be dissipated into the 
surroundings. The increase in temperature would be checked by the dissipation of heat 
to the surroundings. The measured change in temperature would then be lower than the 
expected temperature change due self-heating in a thermally isolated device alone 
giving rise to a higher efficiency. If the laser were powered for a short enough time, 
shorter than the thermal time constant of the laser cooling to the surroundings, then the 
laser could be expected to be effectively thermally isolated from its surroundings. Thus 
the increase in temperature could be considered to be due to intrinsic processes alone. 
This situation may be approached with the pulsed conditions under which these devices 
are operated. A more detailed analysis of the heating and cooling process is presented 
below, section 8.4. A simple estimate of the thermal isolation of the chip can be made 
from the limiting case when all the power supplied to the laser is converted into heat. 
Treating the laser as a single homogenous mass of material the resulting temperature 
increase may simply be estimated from its mass and specific heat capacity. The mass of 
six lasers were measured giving the average mass of a single device of 5x 1 0-4g. The 
specific heat capacity of the device was assumed to be close to that of GaAs=0 . .327 Jg' 
'K" [137]. An over estimate of the power supplied to the laser was 2V at 200mA for 211 
s. Thus the increase in temperature was calculated to be .+. 7x 1 0.3 K or 0.002'+ KIllS. This 
value is clearly much less than the previously measured temperature change of 1.'+8 Kill 
s. Therefore an over estimate of the power supplied to the laser greatly under estimates 
the measured temperature rise in the device. 
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This may imply that the effective volume that is heated is much smaller than the total 
volume of the laser. The ratio of the volume of the SCH under the current stripe and the 
total volume of the laser is -4.4xl0-4. This value is of the order of the ratio of the active 
volume of the laser to its total volume. Thus the power density can be scaled by a 
- -
similar factor giving a proportionally greater temperature rise. Therefore the heating is 
generally confined to the active region of the laser and therefore the device is thermally 
isolated from the laser clip. 
8.4 HEA TING/COOLING MODEL 
8.4.1 HEATING 
The temperature change in a laser may be modelled in tenns of the heating of a given 
mass of material connected to the outside would via some thennal resistance. This is 
shown in Fig(3). Only a given fraction of the power that is supplied to the device is 
converted in to heat. The fraction of the input power that is converted to light is written 
as IIp and is tenned the radiative power efficiency. Therefore the traction of electrical 
power that is converted to heat is given by. 
Equation 8-4 
Where I is the current and V is the voltage. The power that is lost through cooling 
through the thennal resistance R is written as. 
( T - T e..tI) POIII = R 
Equation 8-5 
Where Text is the ambient external temperature and T is the temperature of the body 
being heated. The net rate of heating is given by the difference between the po\ver 
supplied to the mass and the power lost from the mass. 
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COOLING 
Fig(3) Shows a schematic representation of the self heating model proposed fo r these 
devices. A fraction, (l-l1p)' of the power supplied to the laser of mass m is converted 
into heat. This heating is countered by the rate at which the laser cool s to atmosphe re. 
The difference between the rate of heating and the rate of cooling leads to a net 
heating of the laser which raises its temperature. 
~--1.~ ....... I-----I~. 
Ton T off 
TIME 
Fig( 4) Shows the variation of the temperature of the laser during steady state pulsed 
operation. A sufficient time after switching on the laser the temperature rise during the 
"on" cycle is balanced by the temperature fall during the "off' cycle. Th is is the steady 
state condition . The minimum temperature of the laser wil l be so me what greater than 
the external atmospheric temperature. For sufficiently small duty cycle, such that he 
"off' time is much greater than the "on" time, the lase r will have enough time to 00 1 
down to the ambient temperature . Th is is the general operating condi[ion of the b ser 
found empiricall y in chapter 4. 
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( T - Text] dQ dT IV(l- 77 ) - = - = mC-
I R dt dt 
Equation 8-6 
Where, m, is the mass being heated and C is its specific heat capacl'ty H h 
' ence tenet rate 
of change of heating dQ/dt can be related to the rate of change of temperature through 
the mass and specific thermal capacity of the material. This differential equation has the 
solution of, 
-t 
In(IV(1- np)R - (T - T )) = --+ D 
'( ext mCR 
D is a constant of integration. 
8.4.2 COOLING 
Equation 8-7 
When the power supplied to the laser is switched off the device starts to cool down. The 
rate of cooling is governed by the thermal resistance only. 
dQ dT T - Text 
-=mC-=---
dT dt R 
This may be integrated to give the time variation of the temperature as. 
Where E is a constant of integration. 
8.5 STEADY STATE CONSTANT DUTY CYCLE 
HEATING 
Equation 8-8 
Equation 8-9 
All the lasers were powered by a continuous periodic stream of pulses. The temperature 
will be seen to rise and fall with each successive heating and cooling cycle gr3dually 
increasing the average temperature of the device above ambient. This increase in the 
average temperature would not be expected to increase indefinitely, After a sufficient 
amount of time the temperature rise due to the heating cycle would be balanced by the 
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temperature lost during the cooling cycle. The "off' time would be sufficient for the 
device to cool down to the same starting temperature from where it was heated. The 
heating and cooling cycle would then repeat again continuously. This is illustrated in 
Fig(4). Here Ts is the starting temperature of the body above the ambient temperature. 
Text' ambient temperature external to the body and Tf is the final temperature at the end 
of the heating cycle. Equation 8-7 and Equation 8-9 may be solved with these boundary 
conditions. 
8.5.1 HEATING CYCLE 
At the start of heating when t=O the temperature must equal the starting temperature. T;. 
allowing a solution to the integration constant D in Equation 8-7. 
D = In( IV (1 - 17 p ) - (T - ~XI ) ) 
Equation 8-10 
Thus during the heating cycle the device temperature as a function of time becomes. 
Equation 8-11 
The maximum temperature during the "on" cycle may be found by simply setting t to ton 
in Equation 8-11. As the "on" time is increased toward infinity or the device is operated 
CW then the temperature of the laser tends to a constant. 
Equation 8-12 
8.5.2 COOLING CYCLE 
During cooling the temperature falls from T F to T s' Thus the constant of integration. E. 
in Equation 8-9 becomes. 
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I ( tllff E = n T~ - Text) + meR 
Equation 8-13 
Thus the time dependence of the temperature during cooling can be expressed as. 
( tllff - t) T(t) = (T~ - Text)exp meR + Tl!xt 
Equation 8-14 
When the time equals, tofT> the temperature equals, Ts, the starting temperature. If the 
power is switched off and the body is left to cool down completely then the temperature 
will eventually reach ambient external temperature, Texl ' 
8.5.3 RADIATIVE POWER EFFICIENCY 
Equation 8-11 may be used to calculate the radiative power efficiency. IIp' of the device. 
Differentiating this gives. 
dT = IV(l- TJ p)R - (T I· - Text) exp(- _t_) 
dt meR meR 
Equation 8-15 
The exponential prefactor comprises of the difference between a heating term IV(l-llp)R 
and a cooling term (Ts-TexJ If the "on" time is sufficiently short much less than the 
thermal time constant of the system then the exponential term in Equation 8-17 tends 
toward 1. Also, for sufficiently long "off' times the starting temperature, Ts' will be 
expected to approach that ambient external temperature, Text' as the body reaches 
thermal equilibrium with its surroundings. Therefore (Ts-Text) will tend towards zero 
after several thermal time constants. These limiting cases will be shown to apply in 
section 8.5.4. The rate of change of temperature may be approximated by. 
dT IV(l- TJ p) 
dt me 
Equation 8-16 
Thus the rate of increase in temperature becomes constant and independent of the 
thermal resistance. This is equivalent to the body being thermally isolateJ from its 
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surroundings or the thermally resistance tends toward infinity E t· 8 16 
. qua Ion - can be 
rearranged to give the radiative power efficiency. 
Equation 8-1 -: 
Here the volumetric reduction factor, r, has been incorporated into the Equation 8- ~. 
This accounts for the fact that the heating may be highly localized around the aciti\·e 
region of the laser, section 8.3. This parameter is found by fitting the results in section 
8.8. All the other parameters in Equation 8-17 can be measured directly from the optical 
pulse shape except the specific heat capacity of the material. However the greater 
unknown, the thermal resistance has been eliminated. 
8.5.4 THERMAL TIME CONSTANT FROM DUTY 
CYCLE HEATING 
The limiting conditions over which the approximate Equation 8-17 is valid may be 
tested from the measurements of threshold current vs. duty cycle previously presented in 
chapter 4 fig(9). Here the "on" time was kept constant at l)J.s whilst the "off' time was 
varied. The threshold current was estimated at the tum of the LI characteristics due to 
the low external slope efficiencies above threshold. Increase in device temperature as the 
"off' time was decreased was estimated from the threshold current vs. temperature 
relationship for this laser given in chapter 6. Fig(5) shows the variation of device 
temperature as a function of the "off' time. The temperature does seem to approach a 
constant value around the external ambient temperature for long "off' times and low 
duty cycles. This is consistent with the threshold current becoming independent of duty 
cycle for low duty cycles, the experimental conditions maintained throughout these 
thesis. Though the errors incurred during these estimations, the prudent use of extremely 
long "off' times ~ Sms compared to the short "on" time of l)J.s gives confidence that the 
limiting assumptions of Equation 8-17 apply. The heating and cooling model may be 
developed further to fit these characteristics. The temperature at the end of the heating 
cycle and the beginning of the cooling cycle are equal. Equation 8-11 and Equation 8-
1-+ may be equated for a heating time equal to tall and a cooling time equal to zero. 
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Fig(5) Shows the temperature of the laser as a function of repetition period, from the 
data derived in chapter 4, fig(9). As the duty cycle is increased the time averaged 
power supplied to the laser is increased. This leads to a net rise in temperature. For 
CW operation of the laser the temperature will rise until the rate of cooling exactly 
balances the rate of heating. The temperature will be expected to reach a finite value 
as the repetition period reaches zero. This finite temperature has been used as a fitting 
parameter for equation 8-18 in performing a regression onto the data points. The 
greater the CW operating temperature the smaller the time constant of the system has 
to explain the observed characteristics. The resulting thermal time constants generated 
from the regression are shown. For the greatest CW operating temperatures the 
thermal time constant is still a factor of 50 greater than the pulse width. If the thermal 
time constant of the system is sufficiently long relative to the pulse width driving the 
laser, then the heating temperature rise in the laser may be considered linear and 
independent of the thermal resistance connecting the heated body of the laser to the 
external environment. 
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Rearranging gives. 
JV(l-7Jp{l-exp(~) ] 
T, - Tu , = [exp( ~~R) -exp( ~~;J ] 
Equation 8-18 
As the, tOil' goes to infinity toft' goes to zero and the temperature, T
s
' approaches, T( (0), 
Equation 8-12. Equation 8-18 was fitted to the data in fig(5) by using least squares 
regression with, T( 00), as a fitting parameter. The values of , T( (0), used and the thermal 
time constant, meR, derived from the fit are shown. The larger T( (0) becomes, the 
smaller the thermal time constant has to be in order to account for the fall in device 
temperature with repetition period. The smallest thermal time constant of O.052ms was 
still a factor of fifty greater than the pulse width used 1 ~s. Thus measurements of the 
self-heating over a period of 81 Ons may be considered to be relatively independent of 
the thermal resistance and the conditions over which Equation 8-17 is valid can be 
considered to apply. 
8.6 EXPERIMENTAL 
8.6.1 HEATING AS A FUNCTION OF TEMPERATURE 
Equation 8-17 implies that the rate of change in temperature of the device is a function 
of the radiative power efficiency, IIp. This has been demonstrated to be strongly strain 
and temperature dependent in the tensile laser in chapter 6. The relative proportion of 
power that goes into either radiative or leakage processes may be changed simply by 
varying the overall temperature of the device. A resultant increase in the rate of self-
heating would be expected as the temperature is increased because the leakage current 
has been shown to increase with temperature. Non-radiative recombination of carriers 
that have leaked into the barrier regions may give rise to the self-heating. The rate of 
change of temperature over the pulse as a function of the external temperature was 
measured in the I % tensile-strained laser, the laser most susceptible to leakage currents. 
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Fig( 6) Shows the variation of threshold current, measured at the start of the pulse and 
then delayed by 810ns, as a function of temperature for the 1.00% tensile-strained 
laser. As the rate of heating is expected to be related to the radiative power efficiency 
of the laser the difference between the time delayed threshold currents would be 
expected to increase with the onset of an extra nonradiative component to the 
threshold current. The onset of the leakage current in this previously measured device 
can be seen to be correlated with the increased self-heating of this device. 
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Fig(7) This shows the rate of change of threshold current, taken from time delayed 
threshold current measuements, with temperature for the 1.00% and the 0.82% 
tensile-strained laser. Previous measurements, chapter 6, have shown that the leakage 
current is greater in the 1.00% tensile-strained laser than the 0.82% laser. This 
difference is clearly reflected in the rate of change of threshold current, which implies 
that the more leaky device under goes stronger self-heating. 
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An increase in self-heating is observed with temperature. This is shown in Fig 6 where 
the difference in threshold current between the two cursor positions, separated by 81 Ons, 
can be seen to increase with temperature. 
8.6.2 HEATING AS A FUNCTION OF STRAIN 
A reduction of the leakage component of the threshold current has also been 
demonstrated as the strain is reduced in the tensile-strained lasers, chapter 6 .. Therefore 
a corresponding reduction in the self-heating should be seen in a device of a smaller 
strain. The self-heating as of function of temperature has been observed in the 0.82% 
tensile-strained device. This is shown in comparison with the data for the 1 % tensile 
strained device, fig(7). Again the expected behaviour is observed. The rate of change of 
temperature over the pulse is seen to increase with external temperature in both devices 
but does not increase as rapidly with temperature in the 0.82% strained device than the 
1 % strained device. Thus we conclude that the rate of change of temperature during the 
pulse with external temperature is correlated with the action of the leakage current. This 
supports the fundamental assumption of the self-heating model, that degree of self-
heating is dependent on the radiative efficiency of the device. 
8.7 SPECIFIC HEAT CAPACITY OF 
SEMICONDUCTORS 
The data in fig(6) may be used to calculate the radiative power efficiency of these 
devices using Equation 8-17. However the specific heat capacity of the complex 
multilayered structure is not known. It is instructive to examine the specific heat 
capacities of various binary and ternary compound [137]. 
Table 8 1 -
Material ep (J/(g K) 
InP 0.322 
--
lnAs o .., -') .J)_ 
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! 
GaAs 0.327 
GaP 0.313 
In o,53Gao,47As 0.340 
These values vary little from one another hence the error in the choice of a specific 
heat value would be considered minimal and systematic in nature. The specific heat 
capacity does vary with temperature. Fig(8) shows the variation of specific heat 
capacity with temperature measured for GaAs [138]. This curve is well understood 
theoretically [139] but of interest here is the plateau of specific heat capacity that is 
observed at temperatures above 300K. 
8.8 THE RADIATIVE POWER EFFICIENCY 
ESTIMATED THROUGH SELF-HEATING 
The increase in rate of change of threshold current with temperature shown in Fig(6) 
can be used to calculate the radiative power efficiency through Equation 8-17. The 
change in temperature over the 810ns period was estimated from difference between 
the threshold current measured at the two cursor positions and the threshold current 
temperature characteristics. The threshold voltage was taken to be the transition 
energy at the lasing wavelength, 1.656 Volts. This was assumed to be constant over 
the entire temperature range. The specific heat capacity was taken from the 
characteristic presented in fig(8) The mass of the laser was previously measured, 
section 8.3, as 5x10-4g. The radiative efficiency as a function of temperature for the 
1.00% tensile-strained laser was estimated by another technique for comparison. It 
was assumed that the radiative power efficiency was equal to the ratio of the radiative 
to the total threshold current to a first approximation. Thus the radiative power 
efficiency could be estimated from the threshold current/temperature characteristics 
previously presented in chapter 6. The radiative efficiency was assumed to be 100% at 
low temperatures between 77 and 250K, where the threshold current was seen to \'ary 
linearly. This linear temperature dependence was used to extrapolate the magnitude of 
the radiative current in the super linear region as before, section 6-2, Thus the excess 
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Fig(8) Shows the variation of the specific heat capacity of GaAs with temperature. The 
specific heat capacity is seen to vary in a gentle linear manor for temperatures above 
300K. Such characteristics can be used to model the temperature dependence of the 
radiative power efficiency from the measured self-heating effects in these devices. 
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Fig(9) Shows the radiative power efficiency for the 1.00% device estimated from two 
different techniques. The first technique assumes that the radiative power efficiency is 
proportional to the ratio of the radiative current to the threshold current. The radiative 
current may be estimated from the linear region of the threshold current temperature 
characteristics in a similar manor to the analysis performed in chapter 6. The second 
method calculates the radiative power efficiency from equation 8-17 using the self-
heating measurements presented in this chapter. The reasonably good agreement 
between the two techniques demonstrates that self-heating measurements are a viable 
technique for measuring the radiative power efficiency. 
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Fig(10) shows the radiative and nonradiative components to the threshold current 
calculated fonn self-heating -measurements for the 1.00% tensile-strained laser. These 
measurements assume that the radiative power efficiency is proportional to the ratio of 
radiative current to the threshold current. The fundamental features of the calculated 
radiative and leakage components of the threshold current for this device, chapter 6, 
are seen in these measurements. Refinement of these self-heating measurements are 
feasible and offer a new way of making measurements of the radiative and nonradiative 
components of the threshold current. 
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current could be estimated and the ratio of the excess to radiative current was taken. 
This is illustrated in Fig(9). The calculated radiative efficiency from the self-heating 
effects was fitted to this by varying the volumetric reduction ratio r. This was found to 
be 0.0007, a value slightly in excess of the ratio of the SCH region to the total volume 
of the laser of 0.0004. This value may be assumed to be equal to volume of the active 
region of the laser without serious change to the calculated efficiency. The data \vas 
could not described by a volumetric ratio of 1, again suggesting that the heating is 
localized around the active region. 
The difference between the radiative efficiency estimated from both techniques arises 
from two sources. First is the experimental accuracy with which the self-heating data 
can be measured. The cursor function on the digital oscilloscope used to measure the 
difference between the threshold currents after a given time delay was the limiting 
factor in the accuracy of the self-heating measurements. Refinements in the 
measurement apparatus are feasible. This should Improve the accuracy of the 
measurements. The second factor is the fact that the technique of estimating the 
radiative efficiency is also susceptible to error. The exact range over which the 
threshold current can be seen to vary linearly can be misinterpreted. This can lead to 
an error III the interpretation of the rate of change of radiative current with 
temperature. As the excess current is based on an extrapolation of this slope an 
increasing temperature dependent error is introduced into the measurements. 
Overall the two techniques compare well in the estimation of the radiative efficiency 
of the device. Both the correct trend and magnitude are seen. The calculated efficiency 
using the self-heating technique has been used to calculate the magnitude of the 
radiative and non-radiative components of the threshold current, fig(lO). 
8.9 SUMMARY 
The work presented in this chapter was prompted by the consistent observation. across 
all the lasers used in this thesis, of the change of the optical pulse shape from the laser 
at threshold. In fact the change in pulse shape was so distinct that it could be used to 
mark the onset of lasing. At threshold the front end of the optical signal \,,'as seen to 
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increase more rapidly than the back end of the signal. At a sufficiently high current 
above threshold the optical signal was seen to decrease linearly with time. The power 
supplied to the laser was demonstrated to be constant over the duration of the pulse. 
Moreover the change in pulse shape was shown not to be an artefact of the 
measurement system. Therefore the observed change in pulse shape of the optical 
signal was a genuine effect intrinsic to the laser. 
The front end of the pulse was shown to reach basing at a lower current than the back 
end of the pulse. This apparent increase in threshold current over time was interpreted 
as an increase in threshold current due to self-heating of the device. The difference in 
the threshold currents at the front and back end of the pulse and the previously 
measured threshold current temperature characteristics were used to estimate the rate 
of self-heating in a device. This was found to be 1.48 KIllS for the 0.68% tensile-
strained laser at 20C. This value was much greater than that estimated, assuming a 
100% heating efficiency of the whole the laser over the duration of the pulse. This 
implied that a narrowly defined active region was being heated. 
A model was developed to account for the self-heating in the laser under pulsed 
conditions. The temperature change in the laser could be quantified in terms of a 
radiative power efficiency parameter as the degree of self-heating was believed to be 
related to the fraction of the power supplied to the laser that was converted into heat. 
Thus analysis of the self-heating data could yield the absolute radiative power 
efficiency of the device. The limiting assumptions of this analysis was that the 
duration of power pulse was much smaller than the thermal time constant of the laser 
as in cooled to the atmosphere. Under these conditions the temperature change in the 
device could be assumed to be independent of the of the cooling to its surroundings. 
Conveniently this removes the effective thermal resistance of the system from the 
analysis, a parameter that is very difficult to quantify. 
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The thermal time constant of the system could be derived from the same model. The 
increase in threshold current with duty cycle, chapter 4 fig(9), was fitted using the 
model. The regression on the curve showed that the thermal time constant was at least 
10 times greater than the duration of the power pulse. Therefore the limiting 
conditions over which the radiative power efficiency could be estimated could be 
assumed to apply. 
According to the model the self-heating was governed by the magnitude of the 
radiative power efficiency of the laser. The worse the radiative efficiency then the 
greater the self-heating as proportionally more of the power supplied to the laser is 
converted into heat. This was tested on the leakage dominated 0.82 and 1.00% 
tensile-strained lasers. Previous work in chapter 6 had shown that the radiative 
efficiency of these devices was limited by a thermally activated leakage current of 
unconfined carriers diffusing into the doped cladding regions. Therefore increasing 
the temperature or increasing the strain should act to increase the self-heating. This 
was demonstrated to be the case. The self-heating in the 1.00% tensile laser was 
indeed greater than in the 0.82% tensile laser. Also the self-heating increased more 
rapidly in thel.OO% laser than the 0.82%. Therefore a strong correlation between the 
radiative efficiency and the self-heating was demonstrated. 
Previous work on these devices had also shown that the radiative efficiency of the 
device could be estimated from the threshold current temperature characteristics. At 
low temperature between 77 and 250K the device was assumed to be 100% efficient. 
Therefore the measured threshold current could be assumed to be equal to the 
radiative current. The gentle linear increase of the threshold current with temperature 
in the low temperature regime was assumed to be continuous into the high 
temperature regime. Therefore the excess current could be estimated. The ratio of the 
excess current the radiative current was assumed to be equal to the radiati\'t~ po\\er 
efficiency. The variation of the radiatiye efficiency measured in this manor \\3oS 
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compared to that measured though self-heating measurements. A reasonably good 
agreement between the two was established. This agreement was limited by the 
accuracy of the self-heating measurements, which with a little extra effort have the 
potential of being improved. 
Therefore a new technique for measuring the absolute radiative power efficiency in 
lasers has been demonstrated. The limiting assumptions of the technique have been 
shown to apply. Furthermore a strong correlation between the expected degree of 
self-heating and the radiative efficiency of the device, the fundamental assumption of 
the model, has been demonstrated. This has demonstrated a link between the self-
heating of the device and the leakage current of thermally activated carriers diffusing 
into the doped cladding regions. Moreover the radiative efficiency from the self-
heating model shows good agreement with the efficiency measured though a different 
technique, giving confidence in its results. The technique has the advantage of being 
relatively simple to apply and requires a minimal amount of equipment. This makes it 
amenable to use with other measurement systems, such as the pressure rig with no 
extra investment in equipment. 
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CHAPTER 9 
9. THESIS SUMMARY 
9.1 BACKGROUND 
The basis for the work in this thesis was to investigate the dominant recombination 
processes that occur in a range of strained layer single QW GaAsP and InGaAs lasers 
operating between 980 and 749nm. Previous work had shown that the limitino 
e 
nonradiative recombination process tended to be wavelength dependent. Long 
wavelength semiconductor lasers operation at 1.5~m have have been shown to ha\'e 
up to 80% of their threshold currents dominated by Auger recombination. IVBA has 
also been shown make a significant contribution to increasing the threshold current in 
these devices. The incorporation of strain within the active layers of these devices has 
proved a practical method of countering the effects of these two processes. The 
reduction of the threshold current in these lasers with the application of externally 
applied hydrostatic pressure can be correlated with the quenching of Auger processes 
through the increase of the direct bandgap with pressure. A similar reduction in 
threshold current with pressure can be seen in shorter wavelength devices operating at 
1.3~m, Taking the reduction of Auger recombination with bandgap to its natural limit 
suggest that some operating wavelength exists where Auger processes will make an 
insignificant contribution to the lasers threshold current. The threshold current of 
such a device would be expected to have a low intrinsic temperature sensitivity, a 
characteristic desirible on a commercial basis. 
Lasers operating in the visible region of the electromagnetic spectrum have also been 
investigated. A increase in the threshold current of these lasers with externally 
applied hydrostatic pressure has been seen. The increase in the threshold current is 
explicable in terms of a leakage current of unconfined carriers diffusing into the 
cladding regions of the lasers heterostructure. Hydrostatic pressure acts to close the 
difference between the x-r states and the L-r states. This results in the lowering of 
the effective heterobarrier energy discontinuity allowing injected carriers to flow out 
of the SCH region. Increasing the operating wavelength of the laser allows 1'\ \r a 
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greater bandgap discontinuity between the materials forming the heterostructure, thus 
improving the carrier confinement in the heterostructure. 
These two wavelength dependent loss processes are dominant at opposite end of the 
electromagnetic spectrum. It is therefore possible to conceive of a range of operating 
wavelengths where both these effects are minimised. Such lasers sould therefore tend 
to be ideal devices. It was this concept that was investigated in this thesis. The lasers 
used in this study varied only by an incremental change in the composition of the 
single QW. Phosphorus was added to an unstrained GaAs QW, which shortened the 
lasing wavelength and moved the lasers towards the leakage dominated regime. In a 
set of complementry samples Indium was gradually incorporated into the QW. This 
had the opposite effect of increasing the lasing wavelength and moving the lasers 
towards the Auger dominated regime. 
9.2 TENSILE LASERS 
An increase in the threshold current with strain, temperature and pressure has been 
measured in the highest tensile-strained shortest wavelength GaAsP devices. The 
temperature dependence of the threshold current also increases with tensile strain in 
these lasers. An increase in the threshold current with externally applied hydrostatic 
pressure can be explained in terms of a leakage current of unconfined carriers flowing 
into the cladding regions of the device. This arises from the reduction in the 
heterobarrier as pressure closes the f(barrier)/X( cladding) bandedge separation. The 
presence of a leakage current can also explain the increase in threshold current with 
strain and temperature and the increase temperature dependence of the threshold 
current with strain. 
The strain dependence arises from the increase in the bandgap of the QW material 
relative to the fixed bandgap of the SCH; the QW's become shallower with strain. 
The quasi-Fermi level splitting at threshold is a least equal to the transition energy in 
the QW. Therefore the quasi-Fermi levels approach the band edges in the in the 
surrounding SCH. This implies that a increasing population of carriers resides outside 
the QW as the QW become shallower with tensile strain. Thus proportionally more 
carriers are unconfined by the SCH, increasing the leakage current with tensile strain. 
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The temperature dependence of the threshold current stems from the thermal 
activation of carriers out of the SCH and into the cladding regions. A change from a 
gentle linear variation of threshold current with temperature at low temperature. to a 
rapid exponential variation high temperature was seen in all the lasers that were 
tested. This change is indicative of a change from a radiative recombination regime 
(the linear variation), to a leakage dominated regime (the exponential variation), as 
carriers were increasingly thermally excited over the barrier/cladding heterobarrier. 
The measured activation energy for this process was close to the estimated activation 
energy based on our understanding of the leakage process. The increase in the 
temperature dependence of the threshold current with strain is accountable in terms of 
the reduction of the activation energy of the leakage process as the QW's become 
shallower with strain. 
Measurements of the strain, temperature and pressure dependence of the threshold 
current in the tensile-strained devices in conjunction with a sophisticated computer 
model has demonstrated that a leakage current increasingly dominates the threshold 
current of the shorter wavelength devices. Furthermore the underlying mechanism for 
this leakage current has also been shown in more detail. Modelling these device 
shows that the threshold current seem to be sensitive carriers populating the X-minima 
of the heterostructure, suggesting that carriers leaking through the X-minima of the 
structure governs the leakage process. This view is further supported by observation 
of the loss of lasing at 6kbar, the pressure at which the barrier material becomes 
indirect at the X-I' crossover. 
This sets an important fundamental limit of the effectiveness of the heterostructure to 
confine carriers within the active region of the laser, at least for this material system. 
Increasing the x-r seperation reduces the activation energy of the leakage process. 
Thus one effect is improved at the expense of the other. Therefore a trade off between 
the two effects has to be made. 
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9.3 COMPRESSIVE LASERS 
The longer wavelength compressively strained devices should be practically free of 
the effects of leakage currents and dominated by radiative process only. Therefore a 
decrease in the threshold current with increasing wavelength is expected as 
compressive strain acts to reduce the radiative component of the threshold current. 
This is not observed experimentally. The threshold current and its temperature 
dependence was virtually independent of strain over most of the strain range, whilst at 
the greatest compressive strains, the threshold current and its temperature dependence 
is actually seen to increase. A departure of the threshold current strain characteristics 
from those calculated for an ideal radiatively dominated device is observed suggesting 
that some other factor is acting to increase the threshold current of these devices. 
The anomalous threshold current characteristics can be correlated with several 
experimental observations. The measured threshold voltage was seen to be greater 
than that expected from the Bernard Duraffourg condition for all the compressive 
lasers. The threshold voltage was observed to be independent of strain, suggesting an 
increase in the quasi-Fermi level splitting expected from the Bernard-Durraffourg 
transparency condition. This implied that the lasers were having to be pumped harder 
to reach lasing, opposite to the desired effects of strain. The higher than expected 
threshold voltage and hence larger than expected quasiFenni level splitting at 
threshold, was also consistent with the presence of luminescence from higher lying 
subbands. In this most compressively strained laser the presence of carriers in the 
higher valance subband need to be negligible if strain is to show its beneficial effects. 
Luminescence from thse higher lying sub-bands demonstrates the presence of carriers 
in these states. This higher energy transitions was shown to arise fonn the EI LH(z) 
transition, whilst the fundamental basing transition originated from the lower energy 
EI HH(z) transition. 
A possible explaination as to why these devices have to be pumped so hard to reach 
lasing, is that the threshold gain needed to achieve lasing is high. If a de\'ice is 
pumped sufficiently hard the gain current relationship will tend to roll oyer. The gain 
current relationship becomes saturated. This means that the increase in gain tl1r a 
9-4 
given increase in current becomes smaller. Therefore an increasing number of carriers 
have to be pumped into the device to achieve lasing, giving proportionally more 
carriers in higher energy states. The quasi-Fermi level splitting would also have to be 
higher to achieve this carrier population. 
Inducing extra mirror losses would increase the gain needed for threshold. This was 
achieved by immersing a laser in a liquid medium. The change in the refractive index 
from air to liquid will reduce the reflectivity of the facets. A corresponding increase in 
the threshold current was measured. However the increase in the threhold current was 
very much greater than expected from the reduction in facet reflectivity. The 
behaviour was consistent with that of a laser operating in a gain saturated region, 
where a small increase in threhold gain would be matched by a large increase in the 
threshold current. 
Gain saturated behaviour also seemed to be accompanied by the presence of some 
thermally activated nonradiative current mechanism, in the most compressively 
strained devices. The presence of such a mechanism could account for the adnormally 
high temperature dependence of these lasers. Examination of the integrated 
spontaneous emission spectra showed an increase in the carrier density or n-
dependence of the current flowing into the laser. The change form a square n-
dependence to a cubic n-dependence towards threshold, was seen with temperature .. A 
change from a radiatively to a nonradiative regime was assumed. Two different 
explainations of the this behaviour have been presented. Full identification of this n3_ 
process was not achieved. However two possible explainations were presented. 
A cubic n-dependence has in the past been shown to be associated with Auger 
recombination, as Auger is a three body process. This might be interpreted as being 
consistent with the our initial assumptions about Auger processes becoming 
increasingly significant towards longer operating wavelengths. Any residual Auger 
may be amplified in a gain saturated device through its cubic n-dependence and 
inflated carrier densities. However the n-dependence of the current would be expected 
to pin at a cubic dependence as at a sufficiently high temperature Auger 
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recombination should dominate all other recombination processes Th' , 
, IS \\t as not seen. 
though extending the measurements to higher temperatures, beyond that achievible by 
the experimental apparatus, might have shown this to be the case. 
A higher power n-dependence may also be associated with a leakage-like process, 
such as that observed in the tensile strained lasers. The leakage current may be 
expressed as an exponential of the QW carrier density. Expanded as a Taylor series 
the n-dependence of the leakage current has a series of increasing power terms. The 
aurgument for a leakage current, though contrary to our initial assumptions. is the 
higher than expected threshold voltages. The measured threshold voltages are similar 
to those measured for the tensile lasers. Therefore the activation energy of the leakage 
process, estimated from the threshold voltage, is also similar. Again, if taken to a 
sufficiently high temperature, these higher power terms could have been measured as 
the n-dependence should move beyond a cubic. 
The nonradiave processes described in either explaination of the observed n-
dependence could only be expected in these InGaAs lasers if adnormally high carrier 
densities, those associated with gain saturated operation, were present. The underlying 
cause of the gain saturation in these lasers was not found experimentally and should 
be the subject of further research. However these InGaAs laser may naturally be 
susceptible to being pushed into the gain saturated region. The single QW well and 
the weaker gain characteristic (compared with the tensile regime) of compressive 
lasers means that these lasers may be more readily pushed into the gain saturation 
reglOn. 
9.4 SELF-HEATING EFFECTS 
Other effects were noticed in these lasers. Of particular interest was the time evolution 
of the optical signal from the laser when measured under pulsed conditions. :-\ 
constant power was supplied to the laser over the period of a few microseconds \\hich 
resulted on an optical signal above threshold that was seen to fall linearly \vith time, :-\ 
change from a flat top optical pulse below threshold to a linearly decreasing pulSe 
above threshold was seen. In fact the change was so distinct it could be used to mark 
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the onset of lasing .. The front end of the optical pusle was shown to reach threshold at 
a lower current than the back end of the pulse. This effect was attributed to self-
heating effects in the laser. Under condition of constant power and therefore current, 
self-heating would act to increase the threshold current. The excess current above 
threshold would be reduced, thereby reducing the intensity of the optical signal with 
time. A higher current was needed to bring the back end of the optical signal into 
lasing as, by that time, the laser had reached a higher temperture. 
A heating/cooling model was developed to quantitatively model this effect. It was 
assumed that any nonradiative recombination processes would ultimately generate 
heat in the device. Therefore the fraction of the current flowing into the laser that went 
into nonradiative recombination, the quantum efficiency of the device, would go\em 
the amount of self-heating in the device. This was demonstrated to be the case on the 
GaAsP lasers. It had already been shown that the leakage current increased with both 
tensile strain and temperature. Therefore the self-heating should also have increased 
with tensile strain and temperature. The rate of fall of the optical signal increased as 
either the temperature or the strain were increased. Therefore a correlation between 
device self-heating and leakage current was demonstrated. 
The radiative efficiency of these devices could be calculated from the change in self-
heating with temperature due to this leakage current. The radiative efficiency of these 
devices, calculated from the self-heating model, showed good agreement with the 
estimated efficiency from threshold current temperature measurements. 
The advantage of the self-heating model is that an absolute value for the radiative 
power efficiency can be made directly from the measurements. Furthermore the 
equipement needed to make these measurements is the same as that needed to capture 
the fundamentallightlcurrent characteristics of the laser, assuming that the response of 
the photodetector is sufficient to follow the time variation of the optical signal. 
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9.5 FURTHER WORK 
The work on the tensile strained GaAsP lasers suggests that the leakage of carriers out 
of the SCH region is governed by carriers flowing through the X-minima of the SCH. 
The variation of the leakage current with the position of the X-minima in the SCH 
was modelled and showed that the leakage current was minimal with a large r-x 
seperation in the barrier regions, such that the f -minima was the lowest lying band 
edge. This prediction was supported by the observed loss of lasing a 6 kbar, the 
pressure at which the f -X seperation become zero. This hyposthesis can be tested 
further by growing a range of laser, similar in desgin to the ones used in this thesis. 
that vary only by an incremental shift in the composition of the barrier materiaL rather 
than the QW. The composition of the AlxGal_xAs barriers may be varied as follows. 
x=0.2,0.25,0.3,0.35,0.4. Thus a range of laser will be produced where the r-x 
seperation approaches crossover at an aluminium concentration of 0.4. The lower 
aluminium concentrations should have shallower QW's. Therefore carriers should be 
less well confined within the QW. However the r -x seperation is greatest in these 
lasers, therefore the leakage out of the SCH should be the least. The threshold current 
of these devices should increase with the aluminium concentration of the barrier 
material according to the predictions of the computer model. 
Pressure measurements on these lasers should show that the switch off at the r-x 
cross over should occur at progressively lower pressures as the aluminium 
concentration of the barrier is increased. The lasers with an aluminium concentration 
of 0.4 should fail to lase at ambient pressure as the barrier is at cross over. 
A second parameter that can be varied is the aluminium concentration of the Al,Gal. 
xAs cladding regions. The cladding regions were already indirect in all the devices 
tested. Reducing the aluminium concentration of the barrier to a point just before the 
f -X cross over may act to reduce the leakage current. This will reduce the 
rc cladding)/fCbarrier) band offset lowering the heterobarrier percieved by electrons in 
the f -states. However lowering the aluminium concentration \vill increase the 
XC cladding)/fCbarrier) heterobarrier. An optium alumium concentration should exist 
where the leakage current is minimised. In fact there may also be some interaction 
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between the X(barrier)lX( cladding) heterobarrier. Pressure measurements on a range 
of samples that vary in aluminium concentration of both the barrier and cladding 
material should illuminate the process of carrier flow across the SCH region. This will 
demonstrate the criteria for optimising the design of the SCH region to minimise: 
leakage currents. 
The compressively strained lasers have been shown to suffer from the effects of gain 
saturation. The larger carrier densities needed to achieve lasing appear to give rise to a 
unidentified carrier loss mechanism, either Auger recombination or leakage over the 
heterobarrier. The variation of the threshold current with temperature and pressure 
could be used to resolve which of these processes occurs in this laser. Increasing the 
temperature will increase the proportion of Auger or leakage current with respect to 
the useful radiative current. The variation of the threshold current with pressure at this 
elevated temperaure would illuminate which mechanism was domimating. If Auger 
processes were increasing with temperture then the threshold current of the device 
should fall with pressure as Auger is quenched by increasing bandgap. Conversely if 
leakage processes were dominant then the threshold current would be expected to 
increase with pressure. In fact a family of pressure temperature curves could be 
produced which would show the variation of the radiative quantum efficiency of the 
laser with 'temperature. This technique is general and could be applied to most devices 
to resolve the different current processes in the laser. Fitting a family of curves would 
be simplified as many of the fitting parameters should be common to each curve in the 
family. If more curves were produced than fitting parameters then great confidence in 
the fit could be achieved. 
Pressure/temperature measurements were tried on the compressive lasers. However 
the refractive index of the liquid pressure medium, even at ambient pressure caused a 
large variation in the threshold current, due to the operation of these devices in a gain 
saturated regime. It would be hard to distingiush wheather any increase in threshold 
current was due to the variation of the refractive index with pressure or the onset of 
leakage current. One solution to this problem is to use a gas pressure medium. The 
refractive index of the gas would be similar to that of air and would be expected to 
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show only a small variation with pressure. The induced mirror losses due to change in 
the refractive index of the medium would be minimised. 
If leakage currents were present in the compressive lasers then they might be reduced 
by optimising the design of the SCH such that the current path through the X-minima 
in the barrier was reduced. Self-heating effects similar to those measured in the tensile 
lasers have been seen in the compressive devices. The removal of the current going 
into loss mechanisms should eliminate the self-heating effects. 
The root cause of why these devices are gain saturated in the first place has not been 
answered. Increasing the number of QW should reduce the degree to which each well 
needs to be pumped in order to reach lasing. This would move the laser away from the 
gain saturated region and so reduce its threshold current. A corresponding reduction in 
the threshold voltage should also be seen as the lasers should operate closer to the 
transparency condition. 
Poor material quality and in homogeneity in the QW widths etc. may explain the 
characteristics of these lasers. However these effects would have to explain the 
consistent strain and temperature dependence of the threshold current. Such 
deleterious effects would be expected to occur more randomly across a batch of 
samples and be reflected in the threshold current. Other research on InGaAsl AIGaAs 
lasers has shown that the InGaAsl AIGaAs interface seems to govern the threshold 
current of these lasers [128-130]. It has been shown that placing a GaAs buffer layer 
intermediate between the InGaAs QW and AIGaAs barriers improved the performance 
of the laser. Growing a set of lasers similar to the design used in this thesis with the 
extra GaAs buffer layers would immedieatly confirm wheather this material problem 
was undermining the performance of these devices. 
Finally improvements could be made on the self-heating measurements used to 
measure the radiative power efficiency of these devices. This could easily be achieved 
with better intergration of the optical signal to improve the signal to noise ratio. The 
self-heating measurements could be extend to measure different samples, such as an 
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Auger dominated device. The temperature range over which these measurements were 
taken could be extended. At extremely low temperatures, thermally acti\"ated loss 
processes should be froozen out, virtually elliminating the self-heating in a device. If 
self-heating were observed then the question where did arise from needs to be 
answered. The self-heating should also reflect the pressure dependence of the 
threshold current. 
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APPENDIX 2 
Carrier Density Dependence Of The Leakage Current. 
Here we develop an expression for the carrier dependence of the leakage current in terms of 
the measured carrier density dependence of the spontaneous emission. When measuring the 
integrated spontaneous emission intensity as a function of current, the light intensity is 
proportional to the square of the carrier density in the QW. The unconfined carrier density in 
the cladding regions is coupled to the well density by the quasi-Fermi level, Fc, across the 
SCH region. The carrier density in the first state in the QW is given by [140]: 
Equation 1 
Where m is the carrier effective mass in the plane of the well, k is Boltzman's constant, T is 
the temperature, Lz is the width of the QW, Ec is the energy of the confined state in the QW. 
The unconfined carrier density in the barrier regions, giving rise to the leakage current is 
given by: 
(-Mac,) n, = Nc exp kT 
Equation 2 
Where .1Eact is the activation of energy of the leakage process and Nc is the density of states 
in the conduction band of the cladding region. This activation energy may be related to the 
electron quasi-Fermi level in the device. 
Equation 3 
Where Qc is the band offset energy in the conduction band and V c is the depth of the QW to 
the confined state. 
Thus the leakage carrier density in the cladding regions can be expressed as follows by 
A2-1 
substituting Equation 3 in Equation 2. 
Equation -+ 
Therefore the carrier density in the QW can be described in tenns of the unconfined carrier 
density in the cladding regions by substituting for the exp {-(Ec-F c)/kT} tenn in Equation -+ 
in Equation 1 
mkT 
Equation 5 
In the diffusion limited leakage regime, the leakage current is proportional to the unconfined 
carrier density Equation 6-2. 
Equation 6 
Where r is a constant of proportionality , a function of the carrIer charge, diffusion 
coefficient, diffusion length and width of active. Therefore the leakage current density may 
be described in terms of the well carrier density 
Equation 7 
The exponential term may be expanded as a power series to give the n dependence of the 
leakage current of the fonn. 
A2-2 
Where r3 and ~ are constants. 
Equation 8 
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A2-3 
